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s its name suggests, cardiac resynchronization therapy 
(CRT) aims to treat the electrical substrate in symp-
tomatic heart failure (HF) patients with reduced LV 
ejection fraction (EF) and wide QRS complex. A recent meta-
analysis pooled more than 3,000 CRT patients from 6 trials 
and reported a reduction in all-cause mortality of 29% and 
a reduction in the number of new hospitalizations for worsen-
ing HF of 37%.1 Nevertheless, a QRS duration >120 ms has 
proven to be a moderate predictor of CRT efficacy, as 30–
50% of implanted patients do not respond to the therapy. 
This has sparked major efforts into identifying patients who 
benefit from CRT by investigating mechanical dyssynchrony. 
However, the relatively slow improvement in CRT efficacy 
in recent years has renewed interest in the electrical substrate. 
It has become increasingly clear that left bundle branch block 
(LBBB) is the hallmark conduction disease that is treatable by 
CRT, as evidenced by efficacy of CRT in canine hearts with 
isolated LBBB and in CRT patients with LBBB compared to 
CRT patients with other conduction disorders.2,3
In this review we will explore current knowledge concern-
ing the electrical substrate in CRT candidates and apply this 
to current CRT practice. We will then discuss why the elec-
trical substrate is both essential and sufficient for successful 
CRT. We will show that this is true if the electrical substrate 
is defined more accurately than just by duration of the QRS 
complex.
LBBB
A century has passed since Eppinger and Tothberger first de-
scribed LBBB by associating distinctive electrophysiological 
changes with the destruction of only a small region in the 
interventricular septum in the canine heart.4 The typical QRS-
morphology changes seen in the esophageal-to-rectal lead 
in the dogs were directly extrapolated to leads II and III in 
human patients. This misinterpretation caused LBBB to be 
erroneously diagnosed as right bundle branch block (RBBB) 
and vice versa in the first quarter of the past century.
It was only until decades after the rectification that the 
anatomy of the left bundle branch (LBB) and the signifi-
cance of its dysfunction were investigated in detail. In 1972, 
Demoulin et al reported their histopathological findings in 
human patients without known cardiac disease, showing that 
the LBB emerges from the His bundle between the non-coro-
nary and right-coronary aortic cusps and runs as a 6–10-mm 
wide ribbon-like structure inferiorly and slightly anteriorly 
over the septal subendocardium.5 With considerable variation, 
the fibers of the LBB quickly separate to form fasciculi in 
anterior, posterior and often septal main radiations (Figure 1). 
The LBB enables fast activation of the left ventricle (LV) 
because it ends in a rich peripheral Purkinje network that 
couples with individual (sub)endocardial myocardial cells.6 
Extensive electrical mapping in isolated human hearts with 
an intact LBB showed up to 3 LV endocardial breakthrough 
sites that resulted in a rapid electrical activation of the LV.7
In 1984 Vassallo et al reported their results of an endo-
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Cardiac resynchronization therapy (CRT) is an established treatment for selected heart failure patients with con-
duction disease. Many studies aimed at quantifying mechanical dyssynchrony in CRT candidates when it became 
apparent that 30–50% of CRT recipients showed no improvement after implantation. As these, often echocardiog-
raphy-based, measurements have not yet succeeded in estimating the mechanical substrate in an accurate and 
reproducible manner, interest in electrical substrate has renewed. In this review, current knowledge concerning 
electrical substrate in CRT candidates will be explored and applied to current CRT practice, highlighting why the 
electrical substrate is both essential and sufficient for successful CRT. Finally, novel ways to better measure and 
treat the electrical substrate are discussed.    (Circ J  2011; 75: 1297 – 1304)
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cardial catheter mapping study in 18 patients with LBBB and 
concluded that LV endocardial activation in LBBB occurred 
as a result of right-to-left transseptal activation and that 
the LV endocardial activation sequence in these patients was 
heterogeneous.8 The heterogeneous activation patterns could 
be the result of (1) the varying anatomy of the LBB as shown 
in Figure 1, (2) variability in the location of LBB disease, 
being either proximal or distal or (3) the fact that cellular 
uncoupling as a consequence of LV hypertrophy can give rise 
to a LBBB-like QRS complex. Surprisingly, there is very 
little information about the nature of LBBB or about the elic-
iting factors (other than myocardial infarction). It is debated 
whether LBBB is the cause or consequence of HF. In favor 
of the first idea are findings from experiments in canine 
hearts where proximal ablation of the LBB was performed.9 
In those experiments LBBB alone lead to a reduction in the 
EF, LV dilatation and hypertrophy.2 On the other hand, in 
the case of cellular uncoupling the LBBB-like conduction 
pattern is the consequence of cardiac dysfunction.
Recently, a combination of contact and non-contact map-
ping studies have shown that in LBBB patients with HF 
the activation wavefront originating from the right ventricle 
(RV) caused LV endocardial breakthrough in different septal 
regions.10,11 In some patients, endocardial LV breakthrough 
occurred in the vicinity of the conduction system in the mid-
septal region, which could suggest activation by slow con-
duction through the LBB and not via right-to-left transseptal 
activation.10 Narula reported in 1977 that he could abolish 
the electrocardiographic signs of LBBB in 25 patients by 
distal His-bundle pacing in the RV, indicating that the lesion 
in these LBBB patients was very proximal in the rapid con-
duction system (just below the atrioventricular (AV) node).12 
The aforementioned mapping and pacing studies suggest that, 
at least in some patients the disruption of LBB conduction is 
proximal. Endocardial non-contact mapping also identified 
that in approximately two-thirds of the patients with HF and 
LBBB, the electrical wavefront propagates over the LV apex 
in a “U-shaped” manner around anterior and posterior lines 
of block.11 The existence of these lines of conduction block 
was also shown by electrocardiography imaging, a non-inva-
sive epicardial mapping tool.13 Since LV pacing modifies 
the position of the lines of block, these lines appear to be 
functional and not fixed to anatomical structures or areas of 
ischemia.11
In canine hearts creation of proximal LBBB leads to 
doubling of the QRS duration and electrical mapping shows 
that the onset of electrical activation is located in the RV 
(Figure 2). The electrical wavefront then slowly propagates 
towards the lateral wall of the LV. Preliminary non-contact 
mapping data also reveal lines of functional block, similar to 
those in many LBBB patients (Figure 3). In these otherwise 
healthy LBBB hearts the observed lines of block are modified 
Figure 1.    Diagrammatic sketches of the left-sided conduction system as observed in 20 normal hearts (reproduced with per-
mission from BMJ Publishing Group5).
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by LV pacing at different sites. Combining the observations 
in the canine model with the aforementioned patient studies 
suggests that at least a sizeable number of CRT candidates 
with LBBB have a proximal lesion.
Even though in most CRT trials, patients were required 
to have QRS duration of at least 120 ms, approximately one-
third of these patients did not have LBBB.3,14 On top of that, 
one-third of patients diagnosed with LBBB by conventional 
electrocardiographic criteria may not have true complete 
LBBB, but likely have a combination of LV hypertrophy 
and left anterior fascicular block.8,15 Specific ECG criteria 
are required for LBBB (in addition to QRS width ≥120 ms) 
such as a broad notched or slurred R wave in leads I, aVL, V5 
and V6, an occasional RS pattern in V5 and V6 attributed to 
displaced transition of QRS complex, and absent Q waves in 
leads I, V5, and V6 (in the absence of a large anterior-apical 
infarction).16 When these criteria are not met it is likely that 
patients have RBBB or conduction slowed by LV hypertro-
phy.
Recent Focus on the Mechanical Substrate
Asynchronous activation leads to abnormal contraction, and 
advanced measurements (MRI tagging) in asynchronous 
Figure 2.    Typical examples of 3D electrical activation in canine hearts during normal conduction (Left) and after creation of left 
bundle branch block (Right). Plotted activation times were derived from ≈110 epicardial and endocardial contact electrodes 
and referenced to the onset of the Q wave.61 Electrocardiographic tracings are shown, together with RV and LV pressures sig-
nals which are normalized to peak values to reveal timing (reproduced with permission from Elsevier9).
Figure 3.    LV endocardial electrical activation maps as derived using non-contact mapping (EnSite®) from canine LBBB hearts. 
(Left) Example of a line of conduction block during LBBB where electrical activation follows a U-shaped pattern around the 
apex of the LV. (Middle,Right) Lines of conduction block change or disappear when the depolarization pattern changes due 
to LV epicardial pacing. LBBB, left bundle branch block; LV, left ventricular.
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ventricles showed that timing differences in shortening are 
larger than in electrical activation.17 The “exaggeration” of 
asynchrony by mechanical measurements appeared to make 
mechanical measurements a useful additional tool for selection 
of CRT candidates, also because mechanical dyssynchrony 
appears to relate to EF in patients with RV pacemakers.18 
This idea resulted in a search for methods to measure mechan-
ical dyssynchrony, which could better predict responders than 
solely QRS duration. Since echocardiography is non-invasive 
and relatively affordable, multiple echocardiography-based 
mechanical indices were proposed. Unfortunately, dyssyn-
chrony measurements have yet failed to show predictive value 
for CRT response in prospective trials. In the multicenter 
PROSPECT (Predictors of Response to CRT) trial multiple 
echocardiography dyssynchrony parameters were tested, with 
disappointing results in their ability to predict CRT response.19 
Both for a positive clinical or volume response to CRT, the 
measurements resulted in an area under the receiver-operating 
characteristics (ROC) curve of at most 0.62. A more recent 
multicenter trial performed in Japan confirmed that echocar-
diographic parameters did not show significant power to 
detect CRT responders independently with comparable ROC 
curves.20 While the aforementioned studies primarily used 
tissue Doppler imaging, a more recent study, using speckle-
tracking techniques indicated that the thus assessed radial 
strain dyssynchrony increases the ROC for volume response 
to 0.79.21 However, another speckle-tracking study provided 
evidence that the amount of septal positive strain (stretch) 
during systole following a short period of early systolic short-
ening (septal rebound stretch) shows a ROC for volume 
response of 0.89. Being a stretch-derived measurement, sep-
tum rebound stretch reflects “dyscoordination” rather than 
“dyssynchrony”.22 Whether this or other dyscoordination 
indices are useful in common practice has yet to be proven 
in multiple centers.
The other attempted application of mechanical dyssynchro-
ny for predicting CRT response was in patients with narrow 
QRS width. Some HF patients with narrow or only slight-
ly prolonged QRS duration (<130 ms) were shown to have 
mechanical dyssynchrony as derived from tissue Doppler 
imaging and comparable techniques.23–25 Small, single-center 
studies reported CRT benefits in patients with mechanical 
dyssynchrony and narrow QRS complex.23–25 However, these 
findings were not corroborated by the RethinQ (Cardiac 
Resynchronization Therapy in Patients with Heart Failure 
and Narrow QRS) trial where 172 patients were randomized 
to receive ICD-CRT implantation with CRT switched “OFF” 
or “ON”.26 After 6 months, the ICD-CRT group and the ICD-
only group did not differ in peak oxygen consumption, HF 
event rates or LV dimensions as measured by echocardiog-
raphy. So far no attempts to use indices of mechanical dys-
coordination in this patient category are known.
Electrical Substrate Is Essential for Effective CRT
While diagnosis of the mechanical substrate for CRT is suf-
fering some problems, recent studies shed new light on the 
relevance and usefulness of improved measures of the elec-
trical substrate for CRT. A recent electrical mapping study 
showed that “true LBBB” was only seen in patients with a 
QRS duration >140 ms.27 Indeed, patients with QRS duration 
>150 ms and LBBB morphology showed the highest response 
rates in large multicenter trials. The REVERSE (Resynchro-
nization Reverses Remodeling in Systolic Left Ventricular 
Dysfunction) study failed to show a significant difference in 
their primary endpoint (percentage worsening in the HF clini-
cal composite response score), except for patients with QRS 
duration >152 ms (n=307), where there was a clear difference 
(odds ratio (OR) 0.42, confidence interval (CI) 0.22–0.81).28 
In the MADIT-CRT (Multicenter Automatic Defibrillator 
Implantation Trial with Cardiac Resynchronization Therapy) 
trial, CRT-D resulted in a 52% decrease in risk of death or 
HF in the subgroup of patients with QRS duration ≥150 ms 
(n=1,175) as compared to ICD only patients.29,30 This aston-
ishing result is the reason the trial met its primary endpoint 
for all CRT-D patients, despite the subgroup of 645 patients 
with QRS duration <150 ms that did not show a reduction. 
Similarly, a recent MADIT-CRT subanalysis investigated pa-
tients with LBBB at baseline (n=1,281) and found a decrease 
of 53% in the aforementioned endpoints in patients with 
CRT-D (Figure 4). These data, in combination with a trend 
to worsening in the subgroups of patients with RBBB and 
IVCD, stress the importance of LBBB as electrical substrate.14 
In addition, the risk of ventricular tachycardia, ventricular 
fibrillation, or death was decreased significantly in CRT-D 
patients with LBBB but not in non-LBBB patients. In accor-
dance, RAFT (Resynchronization-Defibrillation for Ambula-
tory Heart Failure Trial) reported reductions in mortality or 
Figure 4.    Probability of heart failure 
hospitalization or death after 3 years 
of follow-up in MADIT-CRT.14 Patients 
are  grouped  according  to  therapy 
(ICD  only,  blue  bars  and  CRT-D,   
red bars), and conduction disorder 
as derived from the ECG. *P<0.001. 
CRT, cardiac resynchronization ther-
apy;  ICD,  implantable  cardioverter 
defibrillator; LBBB, left bundle branch 
block;  RBBB,  right  bundle  branch 
block.  Bar  chart  drawn  using  data 
from 14.
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hospitalization for HF only for the subgroup of patients who 
had QRS duration >150 ms or LBBB.31 A recent retrospec-
tive analysis of the Medicare Implantable Cardioverter-Defi-
brillator Registry (2005–2006) showed that almost one-third 
of the ≈15,000 CRT-D patients had RBBB or intraven-
tricular conduction delay, rather than LBBB.3 After 3 years, 
40.3% of patients with RBBB and 34.2% of patients with 
intraventricular conduction delay had died, as opposed to 
29.7% of patients with LBBB.
If LBBB indeed predicts CRT response, it is likely that 
the 12-lead ECG holds additional valuable biomarkers but 
research into alternative measurements has been scarce. 
Sweeney et al carefully inspected standard 12-lead ECGs of 
202 LBBB patients indicated for CRT.32 Based on their com-
parisons of baseline and post-implant ECGs, the authors 
introduced new measurements that predicted CRT response 
(defined as at least 10% reduction in end-systolic volume as 
derived by echocardiography at 6 months). A notch, which 
occurred after 40 ms of QRS onset, was regarded as the tran-
sition from RV to LV depolarization and the time difference 
between this notch and the end of QRS was indicated as the 
LV activation time (LVATmax). QRS duration was weakly 
associated with reverse remodeling probability and this rela-
tionship was replaced by LVATmax in the multivariable 
model. A longer LVATmax at baseline was predictive of CRT 
response (OR 1.30 for each 10 ms increase up to 125, P= 
0.001). The Selvester QRS score was used to quantify LV 
scar and a higher score was detrimental to volumetric response 
(OR 0.49 for each 1-point increase from 0 to 4, P=0.002).27 
The appearance of anterior forces in the precordial leads 
after implantation (change in R amplitude in V1 and V2 in 
the expected direction) was also predictive of CRT response. 
An alternative method to non-invasively estimate LV electri-
cal asynchrony is by calculating the delay between QRS onset 
and LV lead depolarization. Varma found in HF patients that 
this delay exceeded 100 ms in 87% of LBBB patients as com-
pared to 45% of RBBB patients, even though there was no 
difference in QRS duration.33 Singh et al showed that CRT 
patients with a reduced LV lead electrical delay (<50% of 
the QRS duration) before biventricular (BiV) pacing had a 
worse clinical outcome at 12 months.34
Studies investigating ECG beyond the surface ECG or 
pacemaker lead electrograms are even more scarce, because 
evaluation of the cardiac electrical activation sequence by 
catheter mapping in CRT candidates is time-consuming, cum-
bersome, and not without risk. As discussed earlier, lines of 
conduction block are seen in most LBBB patients, as shown 
by endocardial and epicardial non-contact mapping studies.11,13 
The implications of these lines of block have been investi-
gated in a small observational study where non-contact map-
ping was performed in 23 CRT candidates; 12 of the 18 
patients who had lines of conduction block before implanta-
tion were volumetric CRT responders at 3 months as opposed 
to 1 of the 8 patients who had homogeneous endocardial con-
duction (P=0.01).35 This study confirmed that the benefit of 
CRT is more dependent on specific LV activation patterns 
rather than on total LV activation time, which could explain 
why LVATmax beyond 125 ms, and in some studies QRS dura-
tion, are poor individual predictors of response.32,36
Electrical Substrate Is Sufficient for Effective CRT
The aforementioned findings give rise to the notion that an 
“adequate amount” of conduction delay needs to be present 
for CRT to be efficient. Whether additional factors such as 
LV systolic dysfunction need to coexist with electrical asyn-
chrony for CRT to be successful, is important for under-
standing the therapy and better selection of CRT candidates. 
In healthy canine hearts, isolated LBBB induces electrical 
and mechanical asynchrony that in its turn causes loss of LV 
pump function and ventricular remodeling.37 In these hearts, 
isolated CRT largely reversed global and regional function 
and structural abnormalities, indicating that LBBB as elec-
trical substrate is sufficient for acute and long-term responses 
to CRT.2 Recently, multiple clinical trials have tested this idea 
by investigating CRT efficacy in HF patients who were not 
severely symptomatic (NYHA classes I and II).
The MIRACLE ICD II (Multicenter InSync Randomized 
Clinical Evaluation II) trial showed that CRT for 6 months 
lead to improvement in cardiac structure and function, together 
with improvement in NYHA class and clinical composite re-
sponse score.38 Reductions in LV dimensions were also seen 
in the mildly symptomatic HF subgroup (NYHA classes I and 
II) of the CONTAK-CD (CONTAK-Cardiac Defibrillator) 
trial.39 Initial results of the REVERSE trial were disappoint-
ing as the difference in the percentage of NYHA I – II patients 
who worsened in clinical composite score after 12 months 
among the ICD-CRT patients vs. ICD-only patients failed to 
reach significance (16% vs. 21%, P=0.10).28 However, after 
a follow-up of 24 months in a subgroup of European patients, 
the difference did become significant, with worsening in 19% 
of CRT patients vs. 34% in control patients (P=0.01).40 For 
both follow-up periods, CRT resulted in a reduction in HF 
hospitalization and greater improvements in cardiac structure 
and function. In the MADIT-CRT trial, a 41% reduction in 
HF events during an average follow-up of 2.4 years was seen 
in favor of the CRT-ICD patients.30,41 Finally, RAFT fol-
lowed 1,438 NYHA II patients for an average of 40 months 
and found a 29% reduction in all-cause mortality and a 30% 
reduction in hospitalization for HF.31
Given the electrical similarity of the spontaneously occur-
ring and the RV pacing-induced LBBB, several centers have 
explored the feasibility of “upgrading” patients without HF 
with already implanted RV pacemakers to BiV ones or, in the 
case of a new implant, to use BiV pacing from the beginning 
in select patients. Although large, prospective, randomized 
controlled studies are currently lacking, there are several 
retrospective observational series or small prospective trials 
demonstrating a clinical benefit of upgrading to BiV pacing, 
regardless of QRS duration and even in patients with normal 
LVEF.42–45 The mentioned clinical studies confirm the find-
ings from animal research and remind us that the underlying 
electrical substrate can be treated, also in the absence of HF 
symptoms, thus preventing or delaying the development of 
HF. These insights have lead the ESC guidelines to recently 
extend recommendations for CRT implantation to patients 
with LVEF <35% with NYHA class II and QRS ≥150 ms 
(class I recommendation) or narrow QRS and regular pace-
maker indication (class IIb recommendation).46
The Role of the Site of Pacing
From a theoretical point of view, the sites of pacing that may 
be considered optimal are those that establish the greatest re-
duction in total activation time. CRT is most often performed 
by pacing the RV (commonly at the apex) and the LV in a 
simultaneous or sequential order. The generation of 2 acti-
vation wavefronts is not physiological but is considerably 
better than the activation during LBBB.9 Commonly, the LV 
lead is placed in the latest activated region, which in LBBB 
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is usually the basal part of the posterolateral wall.10,11 By 
using extensive epicardial mapping and magnetic resonance 
imaging strain analysis, Helm et al demonstrated that in 
canine LBBB hearts the exact LV site of pacing is not very 
critical, as a good (>70% of maximum) increase in LV dP/dtmax 
was achieved by pacing in 43% of the LV wall.47 The latter 
region included the LV apex, which was also shown to pro-
vide excellent effects in other studies in canine hearts.9,48,49 
In contrast to these findings, a recent publication about the 
MADIT-CRT study showed that LV apical pacing provided 
an inferior effect.50 A potential explanation for these contra-
dictory findings may be that LV apex pacing requires a shorter 
AV delay to be optimal in canine hearts.9 Indeed, in CRT 
patients the increase in LV dP/dtmax during LV apex pacing 
is low when using an average AV delay, but almost maximal 
when using the optimal AV delay.51
Most studies show that the amount of non-responders is 
highest in patients who suffer from ischemic cardiomyopathy 
(ICM). One possible mechanism is that there is insufficient 
viable tissue to allow an increase in contractility by CRT. 
Another possible mechanism lies in modification of the elec-
trical substrate. According to this idea, the extent of resyn-
chronization would be limited as a result of slow-conducting 
or non-conducting regions. This would mean that a good 
response to CRT in ICM patients not only requires clear con-
duction disease, but also the capability to properly resynchro-
nize the heart. An important feature in this regard is the site 
of pacing, as pacing in the vicinity of scar tissue can compro-
mise conduction. In canine hearts with LBBB and transmural 
infarction, pacing away from the infarcted regions resulted 
in a similar CRT response as in non-infarcted canine LBBB 
hearts.48
During the routine coronary sinus approach, the LV is 
paced at the epicardial surface. However, under physiological 
conditions, excitation of the LV initiates at the endocardium.7 
In canine LBBB hearts, endocardial LV pacing during CRT 
consistently improved systolic LV pump function, reduced 
electrical dyssynchrony and decreased dispersion of repolar-
ization, as compared to epicardial LV pacing at the same site 
(Figure 5).49 Additionally, the hemodynamic effects for endo-
cardial sites were less dependent on location and AV delay 
than epicardial sites. More information is becoming avail-
able about the acute hemodynamic effects of LV endocardial 
pacing in CRT candidates. Spragg et al investigated 7 ICM 
patients and CRT systems where LV endocardial and epicar-
dial pacing at immediately transmural sites gave equivalent 
LV dP/dtmax values.52 However, LV dP/dtmax at best LV endo-
cardial sites was greater than conventional CRT. Similarly, 
Derval et al investigated up to 11 LV pacing sites (10 endo-
cardial sites and 1 epicardial coronary sinus site) in 35 non-
ischemic dilated cardiomyopathy (DCM) patients.53 When 
comparing the effect of pacing the endocardium with that of 
the immediately opposite coronary sinus electrode, no sta-
tistically significant increase in LV dP/dtmax was observed, 
although LV dP/dtmax tended to be higher during endocardial 
CRT. However, single-site LV pacing at the optimal endo-
cardial site doubled LV dP/dtmax as compared to conventional 
CRT. The superior effect of the optimal endocardial site over 
conventional CRT on contractility was recently confirmed by 
Ginks et al, who investigated LV endocardial CRT in 15 CRT 
candidates.54 In agreement with the earlier studies, the optimal 
endocardial pacing site was heterogeneous between patients. 
Given individual variations in etiology, severity, patterns of 
delayed ventricular activation, location of regions of scar-
ring, and extent of mitral regurgitation in HF, it indeed seems 
unlikely that 1 pacing site will “fit all”. Individual tailoring 
of endocardial CRT by searching for the optimal pacing site 
within the endocardium is warranted.
LV endocardial pacing in humans can be established 
through an atrial transseptal approach, which is shown to be 
technically feasible and effective during acute and mid-term 
follow-up.55–57 Alternatively, a left transapical approach can 
be used.58 The ultimate method to pace the LV endocardium 
would require (1) flexibility in placing the electrode, as the 
Figure 5.    Typical examples of 3D electrical activation in canine hearts with isolated left bundle branch block during CRT with 
EPI LV pacing (Left) and ENDO LV pacing (Right). CRT, cardiac resynchronization therapy; LV, left ventricular.
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optimal site may differ between patients, and (2) absence of 
a pacing lead in the LV cavity to minimize risk of thrombo-
embolic events. One approach would be leadless pacing, by 
implanting an electrode at the desired endocardial location 
followed by retraction of the lead and stimulation of the 
implanted electrode through ultrasound59 or magnetic stimu-
lation.60
Conclusions
For optimal CRT effect, it is imperative that the correct elec-
trical substrate exists, preferably in the form of true LBBB, 
and that it is treated as such. It would not be surprising to see 
future guidelines extend their inclusion from only including 
patients with severe symptomatic HF to patients with specific 
electrical substrate. With the aid of endocardial LV pacing, 
with or without RV pacing, patient-specific tailoring of CRT 
can boost its efficacy to new levels. Finally, better under-
standing of the various forms of LBBB and its etiology will 
be of great importance for better application of CRT in the 
future.
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Acute hemodynamic response to biventricular pacing in heart
failure patients with narrow, moderately, and severely
prolonged QRS duration
Sylvain Ploux, MD,*† Zachary Whinnett, MRCP, PhD,† Joost Lumens, PhD,‡ Arnaud Denis, MD,*†
Adlane Zemmoura, MD,*† Maxime De Guillebon, MD,*† Khaled Ramoul, MD,† Philippe Ritter, MD,†
Pierre Jaïs, MD,*† Jacques Clementy, MD,*† Michel Haïssaguerre, MD,*† Pierre Bordachar, MD, PhD*†
From the *University Bordeaux 2, Bordeaux, France; †Centre Hospitalo-Universitaire de Bordeaux, France and
‡Cardiovascular Research Institute Maastricht, Maastricht University, The Netherlands.
BACKGROUND The efficacy of biventricular (BiV) pacing in pa-
tients with a narrow or moderately prolonged QRS duration re-
mains questionable.
OBJECTIVE To assess the hypothesis that electrical dyssynchrony
is required to obtain hemodynamic benefit from BiV pacing by
investigating the relationship between intrinsic QRS duration and
hemodynamic response to BiV pacing in a patient population
covering a broad spectrum of QRS duration.
METHODS Eighty-two consecutive heart failure patients under-
went cardiac resynchronization therapy implantation irrespective
of their QRS duration. Thirty-four patients had a narrow QRS
duration (120 ms), whereas 11 patients had a moderately pro-
longed QRS duration (120 to 150 ms) and 37 patients had a
severely prolonged QRS duration (150 ms). After implantation,
invasive left ventricular (LV) dP/dt measurements were compared
between intrinsic rhythm and simultaneous BiV pacing with an
optimized atrioventricular delay.
RESULTS A high correlation (r  .65; P  .001) was observed
between baseline QRS duration and changes in LV dP/dtmax in-
duced by BiV pacing. BiV pacing was ineffective in patients with
a narrow QRS duration (0.4%  6.1%; P  ns). No significant
increase in LV dP/dtmax was observed in patients with a QRS
duration of120 to150 ms (4.4% 6.9%; P .06), whereas
patients with a QRS duration of 150 ms exhibited a significant
increase in LV dP/dtmax (17.1%  13.4%; P .001). Only 9% of
the patients with a narrow QRS duration exhibited a 10% in-
crease in LV dP/dtmax.
CONCLUSIONS Baseline QRS duration is linearly related to acute
hemodynamic response to BiV pacing. Patients with a narrow QRS
duration do not derive hemodynamic improvement. This improve-
ment is also limited in patients with a moderately prolonged QRS
duration, raising questions about the potential clinical benefit of
this therapy in these patients.
KEYWORDS Cardiac resynchronization therapy; QRS; Biventricular
pacing; Narrow QRS; Hemodynamic
ABBREVIATIONS AV  atrioventricular; BiV  biventricular;
CRT  cardiac resynchronization therapy; LV  left ventricular
(Heart Rhythm 2012;9:1247–1250) © 2012 Heart Rhythm Society.
All rights reserved.
Introduction
Many acute hemodynamic response studies and large ran-
domized outcome trials have provided evidence that cardiac
resynchronization therapy (CRT) improves cardiac hemo-
dynamics, symptoms, and life expectancy of patients with
chronic heart failure, decreased left ventricular (LV) ejec-
tion fraction (35%), and a wide QRS complex (120
ms).1–6 The surface electrocardiogram is currently the only
recommended and validated tool used for selecting candi-
dates for CRT.7,8 In patients with a wide QRS complex
(120 ms), hemodynamic response to CRT has been dem-
onstrated to be related to the baseline QRS duration; that is,
the wider the QRS complex, the larger the response.9 Con-
sidering this relationship, one would expect limited re-
sponse to CRT in patients with a narrow QRS duration
(120 ms). However, 4 recent studies including only pa-
tients with a narrow QRS duration demonstrated unexpect-
edly positive hemodynamic response to CRT, questioning
the direct relationship between QRS duration and hemody-
namic response.10–13 There is no study yet that analyzed
this relationship in a patient population covering the full
range of QRS duration, allowing head-to-head comparison
of patients with narrow vs wide QRS. Moreover, questions
remain regarding the efficacy of biventricular (BiV) pacing
in patients with a narrow QRS duration, since the only large
multicenter randomized clinical trial was concluded nega-
tive.14
In this study, we hypothesized that electrical dyssyn-
chrony is required to obtain hemodynamic benefit from
Dr Ploux received financial support from the Fédération Française de
Cardiologie. Dr Whinnett was funded by the British Heart Foundation
(FS/09/048/28011). Address for reprint requests and correspondence:
Dr Sylvain Ploux, MD, Hopital Cardiologique Haut Leveque, Bordeaux-
Pessac 33604, France. E-mail address: sylvain.ploux@free.fr.
1547-5271/$ -see front matter © 2012 Heart Rhythm Society. All rights reserved. http://dx.doi.org/10.1016/j.hrthm.2012.03.016
CRT. To assess this hypothesis, we investigated the rela-
tionship between intrinsic QRS duration and hemodynamic
response to BiV pacing in a broad spectrum of heart failure
patients, including patients with narrow, moderately pro-
longed, and severely prolonged QRS durations.
Methods
Patient population
The study enrolled 82 consecutive patients who fulfilled the
following criteria: (1) New York Heart Association func-
tional class II to IV despite optimal medical therapy and (2)
LV ejection fraction of 35% during sinus rhythm. All
patients who fulfilled the above-mentioned criteria were
included in the study, irrespective of their QRS duration.
Echocardiographic measurements of dyssynchrony were not
used for patient selection. The presence of a third-degree
atrioventricular block, severe aortic valve stenosis, or LV
intracavitary thrombus were criteria for exclusion. Overall,
34 patients with a narrow QRS duration (120 ms) and 48
patients with a wide QRS duration (11 patients with a
moderately prolonged QRS duration [120 to 150 ms]
and 37 patients with a severely prolonged QRS duration
[150 ms]) were included. Their mean age was 64  11
years, 67 were men (82%), 41 (50%) had an ischemic
cardiomyopathy, 24 (29%) were in New York Heart Asso-
ciation class II, 55 (67%) were in class III, and 3 (4%) were
in class IV. The mean LV ejection fraction was 27%  5%.
The mean QRS duration was 140  36 ms, 34 patients
presented a left bundle branch block, and 2 presented a right
bundle branch block.
Protocol for the implantation of the CRT device
All patients were implanted with a CRT-defibrillator device
with the leads placed via the standard percutaneous trans-
venous approach. Anterior location was discouraged for LV
lead positioning. All patients had a lead placed at the right
ventricular apex and in the right atrium.
Acute hemodynamic studies
In the 72 hours following CRT device implantation, a Radi
pressure micromanometer (Radi Medical Systems, St Jude
Medical, St Paul, MN) was placed in the LV cavity via
retrograde transaortic catheterization through the radial ar-
tery. This allowed the instantaneous and continuously cali-
brated recording of LV pressure, dP/dtmax and dP/dtmin.
Each measurement represented the mean of a 10-second
recording, ensuring that this was free from ventricular or
supraventricular extrasystoles. Pressure data were recorded
after a 30-second period to allow hemodynamic stabiliza-
tion. In all patients, we performed hemodynamic measure-
ments during sinus rhythm and during atrial-sensed BiV
stimulation (VDD). For each pacing configuration, hemo-
dynamic response was defined by the percentage change in
LV dP/dtmax relative to the closest baseline measurement
(ie, spontaneous rhythm); baseline measurements were re-
peated every 4 acquisitions. During BiV pacing, multiple
atrioventricular (AV) delays were tested in a random order
in steps of 20 ms and starting from 60 ms. The longest tested
AV delay was the longest one providing complete capture
without fusion with intrinsic rhythm (defined as any
changes in the width or morphology of the QRS on the
surface electrocardiogram). We defined the optimal AV
delay as the one providing the highest LV dP/dtmax im-
provement. A positive hemodynamic response was defined
as a 10% increase in LV dP/dtmax for the analysis.
Statistical analysis
The data are presented as means  standard deviation. All
statistical comparisons were performed by using the CRT
responses obtained at the optimal AV delay for each patient.
Correlations between changes in LV dP/dtmax and baseline
QRS duration were evaluated by linear regression analysis.
Optimal cutoff value of QRS duration with regard to the
prediction of CRT response (dichotomous response scale:
hemodynamic responder defined by 10% increase in LV
dP/dtmax) was determined by constructing a receiver oper-
ating characteristics curve. Optimal cutoff value was se-
lected where the sum of sensitivity and specificity was
maximal in the receiver operating characteristics analysis.
Hemodynamic response to BiV pacing was compared with
that at baseline by using a 2-tailed, paired Student t test.
Mean hemodynamic response in the narrow QRS group
(120 ms) was compared with that of the wide QRS group
(120 ms) by using a 2-tailed Student t test. The same
strategy was applied for the comparison within the wide
QRS group between patients with a QRS duration of 120
to 150 ms and patients with a QRS duration of 150 ms.
Response rates of the different QRS groups were compared
by using the Pearson 2 test or the Fisher exact test. Statis-
tical significance was defined by a P value of .05. All
statistical analyses were performed by using the SPSS soft-
ware, version 17.0 (SPSS, Inc, Chicago, IL).
Results
Relationship between QRS duration and acute
hemodynamic response
We observed a significant relationship between baseline
QRS duration and the acute hemodynamic response to BiV
pacing. Acute hemodynamic response increased linearly
with baseline QRS duration (r  .65; P .001) (Figure 1).
Receiver operating characteristics analysis revealed that a
QRS duration of 141 ms identified hemodynamic re-
sponders defined by a 10% increase in LV dP/dtmax with
90% sensitivity and 75% specificity (area under the curve
0.82; 95% confidence interval 0.72–0.94; P .001).
Comparison in hemodynamic response between
patients with narrow or wide QRS
In the wide QRS group (120 ms), BiV pacing resulted in
a 14.2%  13.3% increase in LV dP/dtmax with respect to
baseline, whereas no significant improvement was observed
in the narrow QRS group (0.4%  6.1% vs baseline; P 
ns). Overall, hemodynamic response was larger in the wide
QRS group than in the narrow QRS group (P .001). At a
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10%-level increase in LVdP/dtmax, 9% of the patients
with narrow QRS were found responders whereas 54% of
the patients with wide QRS did respond to BiV pacing
(P .001) (Figure 2).
Subgroup analysis within the wide QRS group
Of the 48 patients with wide QRS, 11 had a QRS duration
of 120 to 150 ms (moderately prolonged) and 37 had a
QRS duration of150 ms (severely prolonged). In the latter
group, BiV stimulation significantly increased LV dP/dtmax
(17.1%  13.4%; P .001 vs baseline). In contrast, no
significant LV dP/dtmax change was observed for the patients
with a moderately prolonged QRS duration (4.4%  6.9%;
P  .06 vs baseline). Overall, hemodynamic response to
BiV pacing was significantly larger for patients with a
severely prolonged QRS duration than for those with a
moderately prolonged QRS duration (P  .004). Only 9%
of the patients with a moderately prolonged QRS duration
were found to be hemodynamic responders compared with
68% of the patients with a severely prolonged QRS duration
(P .001).
Discussion
In this study, we report several observations that have clin-
ical implications. First, we demonstrated a linear relation-
ship between intrinsic QRS duration and hemodynamic re-
sponse to BiV pacing in a cohort of heart failure patients
including patients with both narrow and wide QRS dura-
tions. Second, patients with a narrow QRS duration did not
obtain significant hemodynamic benefit from conventional
BiV pacing. Third, patients with a significantly prolonged
QRS duration (150 ms) derived greater benefit from CRT
than did those with a moderately prolonged QRS duration
(120 to 150 ms).
Relationship between baseline QRS duration and
acute hemodynamic response to CRT
To the best of our knowledge, this is the first study that
reports a linear relationship between QRS duration and
acute hemodynamic response to CRT when tested across a
wide range of baseline QRS durations from normal to very
prolonged. This finding is consistent with the results of
clinical outcome studies conducted in patients with a wide
QRS duration (120 ms), in which the baseline QRS du-
ration has been shown to be associated with clinical re-
sponse to BiV pacing.15
Response to conventional CRT in patients with a
narrow QRS duration
We found no beneficial acute hemodynamic effect as a
result of conventional CRT in an unselected group of pa-
tients with a narrow QRS duration. We believe that this
finding implies that this group of patients is unlikely to gain
long-term clinical benefit from BiV pacing. Our findings
differ from those obtained in a recent hemodynamic study
focusing on patients with a narrow QRS duration without
echocardiographic evidence of dyssynchrony.13 In this
study, Williams et al13 reported highly favorable short-term
hemodynamic results with standard BiV pacing, including a
9%  2% significant increase in LV dP/dtmax. The patients
in our study had very similar clinical characteristics, the
most obvious difference being that we included all patients
Figure 1 Correlation between baseline QRS duration and changes in LV
dP/dtmax induced by biventricular stimulation compared with spontaneous
rhythm. LV  left ventricular.
Figure 2 Distribution patient by patient of LV dP/dtmax changes from baseline to biventricular (BiV) pacing, in patients with a narrow QRS duration (A)
and a wide QRS duration (B).
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with a baseline narrow QRS duration, whereas only patients
with no echocardiographic evidence of mechanical dyssyn-
chrony were included in the aforementioned study. It is
unexpected that a positive hemodynamic response was ob-
served only in the group of patients in whom there was no
evidence of mechanical dyssynchrony; it may be that there
are in fact other differences between the patient groups that
are not immediately apparent.
In contrast, we did identify clear improvements in LV
dP/dtmax in patients with a broad baseline QRS duration
(120 ms); these improvements were of a similar magnitude
to those seen in other acute hemodynamic studies.2,16,17
These 2 findings demonstrate that an electrical substrate
is a prerequisite for CRT effectiveness.
The patient population with a moderately
prolonged QRS duration
Subgroup analysis of the clinical outcome trials comparing
patients with a QRS duration between 120 and 150 ms and
patients with a QRS duration of 150 ms have consistently
shown a greater clinical benefit for those in the latter
group.5,18–21 On the basis of this observation, the professional
societies introduced in their most recent guidelines the cutoff
value of 150 ms for the patients with mild to moderate heart
failure.7,22 For the Heart Failure Society of America, CRT is
no more recommended but “may be considered” for patients
with a QRS duration of 120 to 150 ms (strength of evi-
dence B). For the European Society of Cardiology, CRT is still
recommended in this population with New York Heart Asso-
ciation III-IV (class I, level A). In agreement with this trend to
restrict CRT to patients with the higher probability of response,
our data suggest that patients with a moderately prolonged
QRS duration are less likely to respond than those with a QRS
duration of 150 ms.
Study limitations
We used acute change in LV dP/dtmax as our outcome measure
rather than clinical response. CRT was shown to improve acute
hemodynamics in patients with a broad QRS duration prior to
carrying out the larger outcome studies that subsequently dem-
onstrated improvements in clinical outcomes. Moreover, the
relationship between acute hemodynamic response and reverse
LV remodeling has recently been demonstrated.23
Conclusions
Baseline QRS duration is linearly related to acute hemody-
namic response to BiV pacing. Patients with a narrow QRS
duration (120 ms) do not obtain hemodynamic benefit
from CRT. Patients with a significantly prolonged QRS
duration (150 ms) derived greater benefit from CRT than
did those with a moderately prolonged QRS duration (120
to 150 ms), raising questions about the potential clinical
benefit of this therapy for the latter.
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Cardiac Resynchronization
Noninvasive Electrocardiographic Mapping
to Improve Patient Selection for
Cardiac Resynchronization Therapy
Beyond QRS Duration and
Left Bundle Branch Block Morphology
Sylvain Ploux, MD,* Joost Lumens, PHD,*y Zachary Whinnett, MD, PHD,z
Michel Montaudon, MD, PHD,* Maria Strom, PHD,x Charu Ramanathan, PHD,x Nicolas Derval, MD,*
Adlane Zemmoura, MD,* Arnaud Denis, MD,* Maxime De Guillebon, MD,* Ashok Shah, MD,*
Mélèze Hocini, MD,* Pierre Jaïs, MD,* Philippe Ritter, MD,* Michel Haïssaguerre, MD,*
Bruce L. Wilkoff, MD,k Pierre Bordachar, MD, PHD*
Bordeaux, France; Maastricht, the Netherlands; London, United Kingdom; and Cleveland, Ohio
Objectives This study sought to investigate whether noninvasive electrocardiographic activation mapping is a useful method for
predicting response to cardiac resynchronization therapy (CRT).
Background One third of the patients appear not to respond to CRT when they are selected according to QRS duration.
Methods We performed electrocardiographic activation mapping in 33 consecutive CRT candidates (QRS duration 120 ms).
In 18 patients, the 12-lead electrocardiographic morphology was left bundle branch block (LBBB), and in 15, it was
nonspeciﬁc intraventricular conduction disturbance (NICD). Three indexes of electrical dyssynchrony were derived
from intrinsic maps: right and left ventricular total activation times and ventricular electrical uncoupling (VEU)
(difference between the left ventricular [LV] and right ventricular mean activation times). We assessed the ability of
these parameters to predict response, measured using a clinical composite score, after 6 months of CRT.
Results Electrocardiographic maps revealed homogeneous patterns of activation and consistently greater VEU and LV total
activation time (LVTAT) in patients with LBBB compared with heterogeneous activation sequences and shorter VEU
and LVTAT in NICD patients (VEU: 75  12 ms vs. 40  22 ms; p < 0.001; LVTAT: 115  21 ms vs. 91  34 ms;
p ¼ 0.03). LBBB and NICD patients had similar right ventricular total activation times (62  30 ms vs. 58  26 ms;
p ¼ 0.7). The area under the receiver-operating characteristic curve indicated that VEU (area under the curve
[AUC]: 0.88) was signiﬁcantly superior to QRS duration (AUC: 0.73) and LVTAT (AUC: 0.72) for predicting CRT
response (p < 0.05). With a 50-ms cutoff value, VEU identiﬁed CRT responders with 90% sensitivity and 82%
speciﬁcity whether LBBB was present or not.
Conclusions Ventricular electrical uncoupling measured by electrocardiographic mapping predicted clinical CRT response better
than QRS duration or the presence of LBBB. (J Am Coll Cardiol 2013;61:2435–43) ª 2013 by the American
College of Cardiology Foundation
When 12-lead electrocardiography (ECG) is used to identify
electrical dyssynchrony, approximately one third of the
patients undergoing cardiac resynchronization therapy (CRT)
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appear not to obtain a substan-
tial clinical response. Numerous
efforts have been made to reduce
the rate of nonresponse by im-
proving patient selection using
different nonelectrical measures
of mechanical dyssynchrony and
ventricular scar. However, despite
showing early promise, none have
as yet proved to be superior to
the 12-lead ECG when tested in
prospective, randomized studies.
As a result, the international
guidelines for CRT implantation
continue to recommend the use of
the 12-lead ECG when assessing
potential CRT candidates (1–4).
The advantage of 12-leadECG
over nonelectrical methods is that
it allows an assessment of the
electrical substrate; CRT is, after
all, an electrical therapy. Recent
ﬁndings suggest that the degree
and pattern of conduction disease
are important in determining
response to CRT. Patients with
a narrow or moderately prolonged
QRS duration do not appear to
experience decreases in adverse
clinical events when treated with CRT (5,6). Patients with left
bundle branch block (LBBB) are likely to respond, while those
with right bundle-branch block or nonspeciﬁc intraventricular
conduction disturbance (NICD) are unlikely to respond (7,8).
A disadvantage of 12-lead ECG is that it provides only
a general overview of ventricular electrical activation
abnormalities. In this study, we hypothesized that by making
a more detailed assessment of electrical activation, it is
possible to predict response to CRT more reliably than by
using 12-lead ECG.
Electrocardiographic mapping (ECM) is a noninvasive
mapping technique developed to provide detailed patient-
speciﬁc information on epicardial electrical activation (9).
Using this high-resolution mapping technique, we sought:
to: 1) characterize the ventricular activation sequence of
patients with 12-lead ECG morphology of LBBB and
compare it with the activation sequence observed in patients
with prolonged QRS duration but without typical LBBB
morphology (NICD group); and 2) explore the ability of
different ECM-derived parameters of electrical dyssyn-
chrony to predict long-term clinical response to CRT.
Methods
The execution of the study conformed to the principles
outlined in the Declaration of Helsinki on research in
human subjects. All patients gave written approval to
participate in the study, which was approved by the insti-
tutional ethics committee.
Patient population. The study population consisted of
a cohort of 33 consecutive patients scheduled for CRT-
device implantation based on the following criteria:
1) New York Heart Association (NYHA) functional class II,
III, or IV despite optimal medical therapy; 2) left ventricular
(LV) ejection fraction 35% during sinus rhythm; and 3)
intrinsic QRS duration 120 ms on 12-lead ECG. Heart
failure etiology was considered ischemic in the presence of
signiﬁcant coronary artery disease (50% stenosis in 1 of
the major epicardial coronary arteries) and/or a history of
myocardial infarction or revascularization.
The mean age was 65  9 years; 28 patients (85%) were
male, 14 (42%) had an ischemic cardiomyopathy, 7 (21%)
were NYHA functional class II, 25 (76%) were functional
class III, and 1 (3%) was functional class IV. Mean LV
ejection fraction was 27  4%, and QRS duration as derived
from 12-lead surface ECG was 152  22 ms. Intraven-
tricular conduction disturbances were deﬁned according to
the most recent American Heart Association/American
College of Cardiology Foundation/Heart Rhythm Society
criteria (10). Patients with right bundle branch block were
excluded.
Device implantation and follow-up. All patients under-
went implantation of a CRT deﬁbrillator. Although the
right ventricular (RV) lead was systematically implanted at
the RV apex, the position of the LV lead was not pre-
speciﬁed. The ﬁnal position was determined by coronary
venous anatomy with good stability, an acceptable pacing
threshold, and no phrenic nerve capture.
All patients were clinically assessed by physicians who
were blinded to the ECM data. The clinical assessment
included estimation of NYHA functional class and acqui-
sition of a 12-lead electrocardiogram (10 mm/mV; 25 mm/s)
at 3 time points (i.e., before implantation and 3 and 6 months
after implantation of their CRT device). Heart failure medi-
cations were adjusted as required, and adverse events (hospi-
talization or death) were recorded.
To assess CRT response, we used a clinical composite
score that combined changes in clinical status (NYHA
functional class) with the occurrence of major clinical events
(hospitalization or death) (11). This score was previously
used in studies evaluating the efﬁcacy of CRT (12,13).
Patients were considered as clinical responders if, during 6
months of follow-up, they remained alive, did not experience
hospitalization for heart failure, and demonstrated an
improvement of at least 1 NYHA functional class.
Noninvasive mapping of electrical activation. Ventricular
epicardial activation maps were acquired during intrinsic
sinus rhythm using a noninvasive, high-resolution ECM
system (ECVUE, CardioInsight Technologies Inc., Cleve-
land, Ohio). As previously described in detail, body surface
potentials were recorded from 252 sites around the entire
surface of the torso (14). A thoracic computed tomography
scan was performed with the electrodes attached to the
Abbreviations
and Acronyms
AUC = area under the curve
CRT = cardiac
resynchronization therapy
ECG = electrocardiography
ECM = electrocardiographic
mapping
LBBB = left bundle branch
block
LV = left ventricular
LVTAT = left ventricular total
activation time
NICD = nonspeciﬁc
intraventricular conduction
disturbance
NYHA = New York Heart
Association
ROC = receiver-operating
characteristic
RV = right ventricular
RVTAT = right ventricular
total activation time
VEU = ventricular electrical
uncoupling
VEUSR = ventricular
electrical uncoupling
square-root transformed
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patient. The body surface potentials and computed
tomography images were then combined and processed
to reconstruct 1,500 epicardial unipolar electrograms.
Ventricular activation times were calculated from the onset
of the QRS duration to the maximal negative slope of each
unipolar electrogram. An epicardial breakthrough site was
deﬁned as the earliest location identiﬁed on the isochrone
map. A line of slow conduction was recorded if the acti-
vation times of adjacent points on either side of this line
differed by >50 ms.
The following electrical dyssynchrony indexes were
derived from intrinsic activation maps: the RV total activa-
tion time (RVTAT), deﬁned as the duration (in millisec-
onds) from the earliest to the latest site of RV activation
during intrinsic rhythm; the LV total activation time
(LVTAT), deﬁned as the duration (in milliseconds) from
the earliest to the latest site of left ventricular activation
during intrinsic rhythm; and ventricular electrical uncou-
pling (VEU), deﬁned as the difference between the mean
LV and RV activation times during spontaneous rhythm (in
milliseconds). A positive value reﬂects LV uncoupling (from
the right ventricle), whereas a negative value reﬂects RV
uncoupling (from the left ventricle).
We tested whether these ECM-derived parameters
were associated with clinical response to CRT. In
addition, we investigated how these parameters related
to the LBBB morphology and the QRS duration derived
from 12-lead surface ECG. To test reproducibility of
the electrical dyssynchrony indexes, the activation maps
of 13 randomly selected patients were analyzed by 2
operators who were blinded to patient characteristics and
outcome.
Statistical analysis. Categorical variables were expressed as
absolute numbers (percentages) and compared using the
chi-square test or the Fisher exact test, as appropriate.
Continuous variables were expressed as mean  SD or
median (interquartile range) and tested for normality using
skewness, kurtosis, and omnibus tests. They were compared
using either the Student t test or the Mann-Whitney U test,
as appropriate. Interobserver variability of LVTAT,
RVTAT, and VEU was assessed by an intraclass correlation
coefﬁcient. Receiver-operating characteristic (ROC) curves
were generated, and areas under the curve (AUCs) were
reported as a measure of the ability to predict a positive
response. VEU was square-root transformed (VEUSR)
before the analysis. ROC AUCs were compared using the z
test. For the purpose of comparison of categorical and
continuous data, all signiﬁcant continuous parameters were
binarized using the best cutoff (greatest sum of sensitivity
and speciﬁcity) found at ROC analysis. Then, binary
logistic regression analyses giving odds ratios and 95%
conﬁdence intervals were used to explore the associations
between electrical dyssynchrony parameters at baseline and
positive response to CRT. Statistical analyses were per-
formed using SPSS software, version 18.0 (SPSS Inc.,
Chicago, Illinois) and the NCSS software 2007 (NCSS
LLC, Kaysville, Utah). Statistical signiﬁcance was assumed
at p < 0.05.
Results
Electrical properties. Based on 12-lead ECG, 18 patients
had an LBBB and 15 had an NICD. Compared with the
NICD group, LBBB patients had a longer QRS duration
(164 16 ms vs. 137 20 ms; p< 0.001), a longer LVTAT
(115  21 ms vs. 91  34 ms; p < 0.03), and greater VEU
(75  12 ms vs. 40  22 ms; p < 0.001). There were no
signiﬁcant differences between the 2 groups in terms of sex
(males: 14 [78%] vs. 14 [93%]; p¼ 0.3), age (68 9 years vs.
63  9 years; p ¼ 0.1), LV ejection fraction (26  4% vs.
27  5%; p ¼ 0.7), or the presence of ischemic cardiomy-
opathy (6 [33%] vs. 8 [53%]; p ¼ 0.3). Intraclass correlation
coefﬁcients were 0.92, 0.97, and 0.99 for LVTAT, RVTAT,
and VEU, respectively. Baseline electrical characteristics of
the 2 groups are summarized in Table 1.
Electrocardiographic activation maps in 18 LBBB
patients. All LBBB patients had a single anterior (11
[61%]) or lateral (7 [39%]) RV breakthrough site. Epicar-
dial breakthrough was apparent 24  8 ms after the QRS
onset. RV epicardial activation propagated centrifugally
from the breakthrough site to activate the entire RV
epicardium within 61  28 ms (Figs. 1 and 2). The base
was the latest RV segment to be activated in 13 patients
(72%). There was no epicardial breakthrough in the left
ventricle, which was activated passively from the right
ventricle via the septum (Figs. 1 and 2). The spread of the
activation front was consistently impaired (both anteriorly
and posteriorly) by lines of slow conduction (crowded
isochrones). These lines were typically oriented in a base-
to-apex direction and appeared on the anteroseptal, ante-
rolateral, posterolateral, and posteroseptal surfaces. These
lines of slow conduction usually extended for more than two
thirds of the distance from base to apex and were multiple
(median: 2 [interquartile range: 2 to 3]). They were
responsible for the observed prolonged LVTAT and VEU.
The latest site of LV activation was basolateral for the
majority of patients (16 [89%]). We observed no association
between the etiology of ventricular impairment and
RVTAT (52  18 ms vs. 67  34 ms ischemic vs.
Table 1
Baseline Electrical Characteristics of the Patients by
QRS Morphology
Parameter
LBBB
(n ¼ 18)
NICD
(n ¼ 15) p Value
QRS duration, ms 164  16 137  20 <0.001
RVTAT, ms 62  30 58  26 0.7
LVTAT, ms 115  21 91  34 0.03
VEU, ms 75  12 40  22 <0.001
Values are mean  SD. QRS duration was measured with 12-lead electrocardiography. RVTAT,
LVTAT, and VEU were calculated using the epicardial activation maps.
LBBB ¼ left bundle branch block; NICD ¼ nonspeciﬁc intraventricular conduction disturbance;
RVTAT ¼ right ventricular total activation time; LVTAT ¼ left ventricular total activation time;
VEU ¼ ventricular electrical uncoupling.
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nonischemic group; p ¼ 0.2), LVTAT (114  20 ms vs.
113  26 ms; p ¼ 0.9), VEU time (73  16 ms vs. 76  10
ms; p ¼ 0.6), or the number of lines of slow conduction.
Electrocardiographic activation maps in 15 patients with
nonspeciﬁc intraventricular conduction disturbance. Most
(11 [73%]) of the NICD patients had a single RV
breakthrough site, whereas 4 had additional sites of
breakthrough in the left ventricle. In contrast to the
LBBB group, activation sequences were heterogeneous
among NICD patients. Breakthrough occurred a mean
27  12 ms after QRS onset (p ¼ 0.4 vs. LBBB). The
RVTAT was similar to that measured in LBBB patients
(58  26 ms; p ¼ 0.9 vs. LBBB), and the latest activated
region of the right ventricle was usually basolateral. LV
lines of slow conduction were present in 13 of the 15
patients. However, compared with the LBBB group, fewer
lines of block were observed (median: 1 [interquartile
range: 1 to 2]; p ¼ 0.002 vs. LBBB), and when present,
they were shorter (extending less than two thirds of the
LV long axis) and their orientation was more variable
(Figs. 3 and 4). As a consequence, LVTAT and VEU in
NICD patients were shorter than in the LBBB group.
Furthermore, we observed considerable variation in the
location of the latest activated LV site: 4 anterobasal,
5 laterobasal, 3 posterobasal, 2 midlateral, and 1 apical.
Ischemic patients displayed similar LVTATs (93  39 ms
vs. 89  32 ms nonischemic group; p ¼ 0.8) and VEU
(45  26 ms vs. 35  18 ms nonischemic group; p ¼ 0.4)
compared with nonischemic patients. There was a trend
toward higher RVTAT in the nonischemic group (48 
25 ms vs. 71  24 ms nonischemic group; p ¼ 0.09). The
number of lines of slow conduction and the location of the
latest activated area did not differ according to heart
failure etiology.
Response to CRT. Of 33 patients, 21 (64%) met the
clinical composite endpoint at 6 months and were identiﬁed
as clinical responders. One patient experienced LV lead
displacement after 3 months and was not further evaluated.
During follow-up, 2 patients (6%) died and 3 (9%) were
hospitalized due to worsening heart failure. The baseline
characteristics of the responders and nonresponders are
presented in Table 2. Responders had a longer baseline QRS
duration (157  19 ms vs. 139  24 ms; p < 0.05), LVTAT
(112  29 ms vs. 89  29 ms; p < 0.04), and VEU (72 
16 ms vs. 38  23 ms; p < 0.001) than the nonresponders.
LBBB was more prevalent in the responders compared with
nonresponders (76% vs. 18%; p ¼ 0.003).
Electrical parameters and prediction of response. In
ROC analyses, QRS duration (AUC: 0.73 [interquartile
range: 0.48 to 0.87]; p ¼ 0.034), LVTAT (AUC: 0.72
[interquartile range: 0.48 to 0.87]; p ¼ 0.033), and VEUSR
(AUC: 0.88 [interquartile range: 0.65 to 0.96]; p ¼ 0.004)
showed a signiﬁcant AUC when tested for their ability to
predict a positive CRT response. RVTAT was not useful in
predicting response to CRT (AUC: 0.51 [interquartile
range: 0.29 to 0.68]; p ¼ 0.45). The AUC for VEUSR was
signiﬁcantly higher than the AUC for QRS duration and
LVTAT (p ¼ 0.045 and p ¼ 0.031, respectively), whereas
AUC did not differ signiﬁcantly between QRS duration
and LVTAT (p ¼ 0.92). The optimal cutoff value of
VEUSR to predict CRT response derived from the ROC
analysis was 7.1 ms, which corresponded to a cutoff value of
50 ms for VEU. By using a cutoff level of 50 ms to deﬁne
the presence of ventricular uncoupling, it was possible to
predict response with sensitivity, speciﬁcity, and positive
and negative predictive values of 90%, 82%, 90%, and 82%,
respectively.
The best cutoff values for QRS duration, LVTAT, and
VEU were determined using ROC analysis (145 ms, 101
ms, and 50 ms, respectively). These values were then used
to binarize these parameters and run logistic regressions.
Signiﬁcant relationships obtained for these 3 binarized
predictors and for native discrete parameters (LBBB
morphology, sex, and ischemic etiology) are displayed in
Table 3. VEU >50 ms was associated with a 42-fold
increase in the likelihood of being a responder (p <
0.001).
In all LBBB patients (n ¼ 18), VEU was >50 ms,
whereas 3 NICD patients (20%) achieved this VEU cutoff.
These 3 NICD patients were clinical responders.
Figure 1
Typical LBBB Pattern of Epicardial
Electrical Activation
The right ventricular breakthrough is anterior or lateral. There is no left ventricular
breakthrough. The left ventricle (LV) is activated by anterior and posterior wave
fronts originating from the right ventricle (RV). One to 4 lines of slow conduction
with a base-to-apex orientation markedly delay the left ventricular epicardial acti-
vation and conﬁne the end of activation to the lateral base. Star indicates right
ventricular breakthrough; arrows indicate the direction of the activation wave
fronts. 1 ¼ anteroseptal line; 2 ¼ anterolateral line; 3 ¼ posterolateral line;
4 ¼ posteroseptal line; LBBB ¼ left bundle branch block.
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Figure 2
Electrocardiographic Activation Map of a Clinical Responder to CRT With a 12-Lead Surface ECG Exhibiting
a Typical LBBB Activation Pattern
Epicardial ventricular surfaces of both ventricles are displayed in 3 views: anteroposterior (AP), left anterior oblique (LAO), and left lateral (LL). The left anterior descending artery
is depicted as a white dotted line. The 12-lead electrocardiogram (ECG) shows a typical left bundle branch block (LBBB) morphology. The right ventricular lateral breakthrough is
followed by a fast activation of this ventricle. The wave front spread to the left, with a ﬁrst base-to-apex line of slow conduction at the level of the septum and a second one
limited to the ﬁrst two thirds of the anterolateral area (crowding of isochrones). Left ventricular activation ends at the lateral base. QRS duration: 155 ms; ventricular electrical
uncoupling: 74 ms. CRT ¼ cardiac resynchronization therapy.
Figure 3
Electrocardiographic Activation Map of a Clinical Nonresponder to CRT With a 12-Lead Surface ECG Exhibiting
a NICD Activation Pattern
Epicardial surfaces of both ventricles are displayed in 3 views: AP, LAO, and LL. The left anterior descending artery is depicted as a white dotted line. On the 12-lead ECG,
the QR pattern in leads I and aVL and the absence of a broad notched R-wave in V5 and V6 are criteria against the diagnosis of LBBB. There is a septobasal breakthrough
with an eccentric activation followed by a heterogeneous and abnormally slow activation of the RV with delayed activated midlateral area. Left ventricular activation is slowed
by an incomplete anterolateral line of slow conduction. The latest site of activation is the lateral base. QRS duration: 166 ms; ventricular electrical uncoupling: 35 ms.
NICD ¼ nonspeciﬁc intraventricular conduction disturbance; other abbreviations as in Figures 1 and 2.
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Discussion
In this study, we show that noninvasive 3-dimensional
activation mapping is useful in predicting which
patients will respond to CRT. Prolongation of VEU was
strongly associated with clinical CRT response and
appeared to be a more powerful predictor than 12-lead
ECG parameters. Such mapping also showed relatively
consistent patterns of activation in patients with LBBB
and pronounced VEU. In contrast, prolonged QRS
duration without typical bundle branch block morphology
(NICD) appears to represent a heterogeneous group of
conduction defects. In the majority of cases, these defects
do not appear amenable to treatment with conventional
CRT. However, ECM identiﬁed pronounced prolonga-
tion of VEU in a subset of patients with NICD (20%),
and these patients did appear to experience a clinical
response after CRT.
LBBB versus NICD electrocardiographic activation
maps. LEFT BUNDLE BRANCH BLOCK. Detailed analysis of
the ventricular activation pattern in patients with LBBB on
12-lead ECG revealed the following major features: 1) RV
breakthrough gave rise to a rapid and centrifugal spread
of activation across the RV free wall; 2) there was no
LV breakthrough; 3) 1 to 4 LV lines of slow conduction
oriented in base-to-apex direction prevented rapid LV
conduction; and 4) the site of latest activation occurred
usually at the base of the lateral wall of the left ventricle.
Figure 4
Electrocardiographic Activation Map of a Clinical Responder to CRT With a 12-Lead Surface ECG Exhibiting
a NICD Activation Pattern
Epicardial surfaces of both ventricles are displayed in 3 views: AP, LAO, and LL. The left anterior descending artery is depicted as a white dotted line. On the 12-lead ECG, the
QR pattern in lead I and the absence of a broad notched R-wave in V5 and V6 are criteria against the diagnosis of LBBB. The right ventricular breakthrough is followed by a fast
activation of this ventricle. The wave front spread to the left, crossing a ﬁrst anterolateral line of slow conduction. There is a second atypical area of slow conduction that is more
transverse and nonuniform and allows the lateral base to be activated before its adjacent regions. QRS duration ¼ 167 ms; ventricular electrical uncoupling ¼ 82 ms.
Abbreviations as in Figures 2 and 3.
Table 2
Baseline Characteristics of Responders and
Nonresponders to CRT
Baseline Characteristics
Responders
(n ¼ 21)
Nonresponders
(n ¼ 11) p Value
Age, yrs 65  8 67  11 0.5
Male 17 (81) 11 (100) 0.3
Ischemic cardiomyopathy 8 (38) 6 (55) 0.5
Ejection fraction 26  4 26  4 0.9
QRS duration, ms 157  19 139  24 <0.05
LBBB pattern 16 (76) 2 (18) 0.003
RVTAT, ms 60  30 59  25 0.9
LVTAT, ms 112  29 89  29 0.04
VEU, ms 72  16 38  23 <0.001
Values are mean  SD or number (%) of observations. QRS duration was measured with 12-lead
echocardiography. RVTAT, LVTAT, and VEU were calculated using the epicardial activation maps.
CRT ¼ cardiac resynchronization therapy; other abbreviations as in Table 1.
Table 3
Association Between Electrical Parameters and
CRT Response: Univariate Analysis
Parameter OR (95% CI) p Value
QRS duration, ms* 7.4 (1.4–38.4) 0.017
LBBB 14.4 (2.3–89.9) 0.004
LVTATy 5.3 (1.1–26.6) 0.04
VEUz 42.8 (5.2–354.1) <0.001
Right ventricular total activation time, LVTAT, and VEU were calculated using the epicardial acti-
vation maps. QRS duration was measure with 12-lead electrocardiography. *QRS duration using
a 145-ms cutoff. yUsing a 101-ms cutoff. zUsing a 50-ms cutoff.
OR ¼ odds ratio; CI ¼ conﬁdence interval; other abbreviations as in Tables 1 and 2.
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Relatively few human data are available with regard to the
epicardial activation sequence in patients with LBBB.
Wyndham et al. (15) performed epicardial contact mapping
(with a handheld probe) in 5 patients with LBBB during
surgery. Using 54 to 70 acquisition points per patient, they
described a normal RV activation sequence, the consistent
absence of LV breakthrough, and the phenomenon of lines
of slow conduction over the anterior and posterior septal
regions. Jia et al. (14) used ECM in 6 patients with LBBB.
They conﬁrmed that the RV activation pattern was consis-
tent with that observed in the normal heart and detected
lines of slow conduction, mainly on the anterior LV surface.
In the present study, we provide a more systematic
description of the lines of slow conduction, which vary in
length and number but appear consistently at a few typical
anatomic locations (Fig. 1). We found these lines to be more
prominent at the base, which may account for the ﬁnding
that the basal region is typically the latest area to be
activated.
NICD. In contrast, NICD patients demonstrated heteroge-
neous patterns of activation: 1) breakthrough could also
occur on the LV surface; 2) lines of slow conduction were
fewer (or even absent) and smaller and varied in geometric
location; 3) the site of latest activation was highly variable.
To the best of our knowledge, we present the ﬁrst human
data on the epicardial activation sequences in patients with
NICD. In contrast to patients with LBBB displaying
a “typical” activation pattern, the activation sequences in
NICD are highly variable. Therefore, this group of patients
particularly beneﬁted from the innovative ECM assessment
of the underlying electrical conduction abnormality.
Electrical dyssynchrony and CRT response. It is now
accepted that sufﬁcient ventricular electrical conduction
delay needs to be present for CRT to produce improvements
in cardiac pump function. Twelve-lead ECG is the most
frequently used and best validated technique for measuring
this conduction delay. No reduction in heart failure
events post-CRT was observed in patients with a QRS
duration <150 ms in a subgroup analysis of the MADIT-
CRT (Multicenter Automatic Deﬁbrillator Implantation
With Cardiac Resynchronization Therapy) trial (16). This
ﬁnding was conﬁrmed in a meta-analysis of 5 randomized,
controlled trials that included >5,800 patients (6). The
pattern of conduction disturbance also appears to be critical
in determining a response to CRT. A further subgroup
analysis of the MADIT-CRT trial showed that only
patients with LBBB derived substantial clinical beneﬁt from
CRT (7). Again, this result was subsequently supported by
the results of a meta-analysis (8). As a result of these ﬁnd-
ings, the 2012 European Society of Cardiology guidelines
for the management of heart failure have been revised to
recommend CRT only in the patients with LBBB (Class I,
Level of Evidence: A) or a QRS duration 150 ms (Class
IIa, Level of Evidence: A) (4). In patients with NYHA
functional class I or II heart failure, the U.S. Food and Drug
Administration allows CRT only in patients who are in
sinus rhythm with LBBB (17). These guideline modiﬁca-
tions have been made in response to the reports of high rates
of nonresponders to CRT. They are aimed at improving the
speciﬁcity of the selection process, but inevitably result in
a reduced sensitivity. As a result, CRT device implantation
is currently discouraged in patients with NICD with a QRS
duration <150 ms. However, there is evidence that
a proportion of patients with NICD respond to treatment
with CRT (18,19). In the aforementioned meta-analysis, the
authors acknowledged that the neutral effect of CRT in
patients with moderately prolonged QRS duration may be
actually due to a subset of patients at increased risk of
hospitalizations and death. The same assumption may apply
to the NICD patients, as evidenced by the high prevalence
of ischemic cardiomyopathy in this group, a factor known to
adversely affect the prognosis (4,18,19). Given the high
proportion of patients presenting with NICD (approxi-
mately one third of the recent RAFT [Resynchronization–
Deﬁbrillation for Ambulatory Heart Failure Trial] and
REVERSE [Resynchronization Reverses Remodeling in
Systolic Left Ventricular Dysfunction] trials) and/or QRS
duration <150 ms (40% of the European CRT survey) as
well as the demonstrated clinical and survival beneﬁts of
CRT, additional selection criteria are clearly needed for
identifying potential responders (13,20,21).
Studies investigating the electrical substrate beyond QRS
duration or LBBB morphology are scarce. Sweeney et al.
(22) carefully inspected standard 12-lead electrocardio-
grams of patients with LBBB who received CRT. The
LVTAT was measured between a notch occurring 40 ms
after the QRS onset (which was assumed to be the RV-LV
transition) and the end of the QRS complex. Increasing
LVTAT was associated with a greater probability of
remodeling up to a plateau value of 125 ms. This estimate
of LVTAT, however, is only applicable to some LBBB
patients who exhibit a clear notch in the QRS complex.
The LVTAT has also been estimated invasively by calcu-
lating the delay between QRS onset and LV activation
measured from the LV lead. Varma (23) observed that this
LV electrical delay exceeded 100 ms in 87% of LBBB
patients compared with only 45% in those with RBBB.
Singh et al. (24) corrected this delay for QRS duration and
found that patients with a reduced baseline LV lead elec-
trical delay (<50% of the QRS duration) had a worse
clinical outcome at 12 months. Clearly, this parameter is
dependent on LV lead position, which is not necessarily
positioned in the latest activated region. Using LV
noncontact endocardial mapping, Fung et al. (25) observed
that patients with lines of slow conduction had a more
favorable response to CRT than those without these lines.
Auricchio et al. (26) ﬁrst reported that 23 of 24 LBBB
patients (96%) showed LV lines of slow conduction.
Besides conﬁrming the presence of these lines in patients
with LBBB, we also found that the prevalence of lines of
slow conduction was signiﬁcantly lower in NICD patients.
JACC Vol. 61, No. 24, 2013 Ploux et al.
June 18, 2013:2435–43 Electrocardiographic Mapping Predicts CRT Response
2441
The latter ﬁnding may explain why the presence of lines of
slow conduction has previously been found to be associated
with CRT response (25).
In the present study, we measured RVTAT as well as
LVTAT by using >1,000 reconstructed electrograms. This
allowed us to clearly deﬁne the area of latest activation. We
observed that VEU was a stronger predictor of CRT response
thanLVTAT. In our study, LVTATwas not superior toQRS
duration for predicting clinical response. Our ﬁnding that
VEU >50 ms is predictive of a positive CRT response
suggests that electrical uncoupling of the left ventricle from
the right ventricle is a fundamental component of the electrical
substrate, which is amenable to treatment with CRT. VEU
can be prolonged by 2 main mechanisms. First, because of
a delay in the onset of LV activation relative to RV activation,
this is determined mainly by the transseptal activation time.
Second, because of a intraventricular-conduction delay,
slowing of LV conduction by lines of slow conduction
increases VEU,whereas slowing ofRV activation canmitigate
it. It is likely that a delay in LV activation relative to RV
activation is responsible for dynamic alterations in transseptal
pressure differences and presystolic shortening of septal
muscle ﬁbers, both resulting in a loss of septal contribution to
the LV ejection fraction. Preserved RV activation also appears
to be important. The presence of an RV conduction delay
reduces VEU. This ﬁnding may explain why RV dysfunction
has been negatively associated with CRT response (27). LV
electrical uncoupling was found in all LBBB patients, which
may account for the high rate of response to CRT in this
subgroup. Interestingly, LV electrical uncoupling was also
observed in some patients with NICD and appeared to be
useful in identifying responders to CRT in this group.
VEU, therefore, has the potential to be a useful measure
for selecting patients who may beneﬁt from CRT, partic-
ularly patients who have prolonged QRS duration on
surface ECG, but who do not display typical LBBB
morphology.
Study limitations. The number of patients included in this
study is modest; however, this is the largest study to date
of detailed mapping of electrical activation abnormalities
in patients undergoing CRT. Larger, randomized, and
blinded studies are required to conﬁrm these results. Patient
selection is undoubtedly a major issue for CRT response.
Optimization of the therapy delivery is also of major
importance. In this regard, lead placement under real-time
ECM assistance would be an interesting ﬁeld of
investigation.
Conclusions
Patients with LBBB have uniform patterns of activation
when measured using detailed electrocardiographic maps,
whereas in patients with NICD, conduction patterns are
highly variable. This noninvasive 3-dimensional mapping
tool derives a novel electrical dyssynchrony parameter called
VEU, which is signiﬁcantly associated with a clinical
response to CRT. VEU, which is consistently elevated in all
LBBB but in only a few NICD patients, properly identiﬁes
clinical CRT responders in both of these subgroups. Thus,
with substantial advantage over standard 12-lead ECG in
identifying clinical responders to CRT, ECM can poten-
tially improve prospective decision-making on candidacy for
CRT.
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DETAILED ANALYSIS OF VENTRICULAR ACTIVATION SEQUENCES DURING RIGHT 
VENTRICULAR APICAL PACING AND LEFT BUNDLE BRANCH BLOCK, AND THE POTENTIAL 
IMPLICATIONS FOR CARDIAC RESYNCHRONIZATION THERAPY 
Brief Title: Comparison between RV pacing and LBBB activations. 
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ABSTRACT  
Background. Left Bundle Branch Block (LBBB) leads to prolonged left ventricular (LV) 
total activation time (TAT) and ventricular electrical uncoupling (VEU: mean LV activation 
time minus mean right ventricular (RV) activation time); both have been shown to be 
preferential targets for cardiac resynchronization therapy (CRT). Whether RV apical pacing 
(RVAP) produces similar ventricular activation patterns has not been well studied. 
Objective. To compare electrical ventricular activation patterns during RVAP and LBBB.  
Methods. We performed electrocardiographic mapping (ECM) during sinus rhythm, RVAP 
and CRT in 24 patients with LBBB.  
Results. We observed differences in the electrical activation pattern with RVAP compared to 
LBBB. During LBBB, RV activation occurred rapidly; in contrast RV activation was 
prolonged during RVAP (46±21 vs. 69±17 ms, p<0.001).  
 There was no significant difference in LVTAT, however, differences in conduction pattern 
were observed. During LBBB LV activation was circumferential whereas with RVAP it 
proceeded from apex-to-base. Differences in the number, size and orientation of lines of slow 
conduction were also observed. 
With LBBB, VEU was nearly twice as long as during RVAP (73±12 vs. 38±21ms, p<0.001). 
CRT resulted in a greater reduction in VEU relative to LBBB activation (p<0.001). 
Conclusion. RVAP produces significant differences in ventricular activation characteristics 
compared to LBBB. Significantly less VEU occurs with RVAP and as a result CRT produces 
a smaller relative reduction in VEU. This may explain the finding that CRT appears to be 
more effective in patients with LBBB than in patients upgraded because of high percentages 
of RV pacing.   
 
Key words : Cardiac resynchronization therapy ; Electrocardiography ; Electrical 
dyssynchrony ; Ventricular mapping ; Left bundle-branch block. 
 
LIST OF ABBREVIATIONS 
BVP: Bi-ventricular pacing 
CRT: Cardiac resynchronization therapy 
HF (REF): Heart Failure (with reduced ejection fraction) 
LBBB: Left bundle branch block 
LV: Left ventricle 
RV: Right ventricle 
RVAP: Right ventricular apical pacing 
TAT: Total activation time 
VEU: Ventricular electrical uncoupling 
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INTRODUCTION 
Several randomized control trials have found cardiac resynchronization therapy (CRT) to be 
beneficial in heart failure patients with reduced left ventricular ejection fraction and 
prolonged QRS duration 
1–6
. Sub-analysis of data from these trials suggests that patients with 
left bundle branch block (LBBB) are most likely to obtain benefit 
7,8
.  
We have previously found that inter-ventricular dyssynchrony, measured by epicardial non-
invasive electrocardiographic mapping, may be even better at predicting clinical CRT 
response, than QRS duration or the presence of LBBB 
9
.  
Right ventricular apical pacing (RVAP), like intrinsic activation with LBBB, is expected to 
result in delayed left ventricular activation. Patients who receive a high percentage of RVAP 
and have impaired left ventricular function have therefore been proposed as a group of 
patients who may also stand to gain from BVP. However, the results of small non-randomized 
studies which have assessed this strategy 
10,11
, have been contradictory. In the RAFT study 
12
, 
a minority of the included patients were previously chronically paced in the RV; sub analysis 
suggested that this group did not obtain benefit from the addition of an LV lead. No 
physiopathological mechanism has been proposed to explain this absence of benefit. Indeed, 
no detailed activation mapping has been previously performed to compare the respective 
electrical activation sequences during LBBB and RVAP.  
The aims of the present study were; firstly, to systematically describe and compare qualitative 
and quantitative characteristics of ventricular electrical activation during LBBB and RVAP. 
In order to eliminate anatomic substrate as a variable, we made within patient comparisons. 
Secondly, we aimed to determine the impact BVP has on these activation characteristics. 
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METHODS 
 
The execution of the study conformed to the principles outlined in the declaration of Helsinki 
on research in human subjects. All patients granted their written approval to participate in the 
study, which was approved by the local institutional ethics committee. 
 
Patient population 
The study population consisted of 24 patients with LBBB who were scheduled for CRT-
device implantation based on the following criteria: New York Heart Association (NYHA) 
functional class II or III despite optimal medical therapy and left ventricular (LV) ejection 
fraction ≤ 35% during intrinsic rhythm and typical LBBB activation on the 12 leads ECG 
according to the most recent AHA/ACCF/HRS criteria 
13
.  
Mean age was 70 ± 9 year’s old, 18 (75 %) were male, 6 (25 %) had an ischemic 
cardiomyopathy (defined as a history of myocardial infarction or prior revascularization), 7 
(29 %) patients were in NYHA Class II and 17 (71 %) in Class III. Mean LV 
echocardiographic ejection fraction was 26.5 ± 5 % and mean baseline QRS duration 
measured from the 12-lead surface ECG was 162 ± 13 ms.  
The 24 patients were implanted with a cardiac resynchronization therapy-defibrillator via a 
percutaneous transvenous approach. The RV lead was systematically positioned at the RV 
apex. The final LV lead position depended on the coronary venous anatomy, lead stability, 
pacing threshold and the need to avoid phrenic nerve stimulation. Within 72 hours of device 
implantation all patients had electrocardiographic mapping performed. 
 
Noninvasive mapping of electrical activation 
Ventricular epicardial activation maps were acquired using a noninvasive, high-resolution 
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electrocardiographic mapping system (ECVUE™, CardioInsight Technologies Inc, 
Cleveland, Ohio) during intrinsic rhythm (LBBB), right ventricular apical pacing (RVAP) and 
biventricular pacing (BVP) in VDD or DDD modes. During ventricular pacing the 
sensed/paced atrioventricular delay was programmed to the longest delay that resulted in 
complete ventricular capture. We used the 12 lead ECG to determine the onset of ventricular 
fusion which was defined as any changes in the width or morphology of the QRS.  
As previously described in detail, body surface potentials were recorded from 252 sites 
around the entire surface of the torso 
14
. A thoracic computed tomography scan was acquired 
with the electrodes attached to the patient. The body surface potentials and computed 
tomography images were then combined and processed to reconstruct 1500 epicardial 
unipolar electrograms. The different local ventricular activation times were calculated from 
the onset of the QRS or the pacing spike to the maximal negative slope of each unipolar 
electrogram. An epicardial breakthrough site was defined as the earliest location identified on 
the isochrones map. A line of slow conduction was recorded if the onset of activation of 
adjacent points differed by ≥ 50 ms (Figure 1). The following electrical dyssynchrony indexes 
were derived from intrinsic (LBBB) and paced (RVAP and BVP) activation maps using a 
point-by-point method: the RV total activation time (RVTAT), defined as the difference 
between the latest and earliest (in milliseconds) sites of RV activation; the LV total activation 
time (LVTAT), defined as the difference between the latest and earliest sites of left 
ventricular activation; and ventricular electrical uncoupling (VEU), defined as the difference 
(in milliseconds) between the mean LV and RV activation times.  
 
Statistical analysis 
We have presented categorical variables as absolute numbers (percentages) while continuous 
variable were expressed as mean (SD) or median (minimum - maximum). McNemar test was 
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used to compare the LV latest activated area, the number and length of lines of slow 
conduction between RVAP and LBBB. The dyssynchrony parameters (TAT, RVTAT, 
LVTAT and VEU) were compared among the different electrical activation patterns (LBBB, 
RVAP, BVP) by using repeated measures analysis of variance. Bonferroni correction was 
used for post hoc comparisons. Statistical analyses were performed using the SPSS software, 
version 18.0 (SPSS Inc., Chicago, IL). Statistical significance was assumed at p < 0.05. 
 
RESULTS 
 
Right ventricular electrical activation 
We observed similarities but also major differences in terms of RV electrical activation 
during LBBB and RVAP. In both situations, there was only one RV breakthrough. During 
LBBB, we observed a single anterior [n=17 (71 %)] or lateral [n=7 (29 %)] RV breakthrough 
site.  During RVAP, as expected, we always observed an apical RV breakthrough site. During 
LBBB, RV electrical activation was rapid and lines of slow conduction were not observed. In 
contrast with RVAP, right ventricular propagation appeared to occur more slowly with 
curvilinear lines of slow conduction observed around the pacing site. As a result right 
ventricular total activation time (RVTAT) was significantly longer during RVAP (69 ± 17 ms 
vs. 46 ± 21 ms, p<0.001) (Table 1) compared to LBBB (Figures 2 and 3).  
The RV base was always the latest activated RV free wall area during RVAP (100%), this 
was also the case in the majority of patients during intrinsic LBBB activation (19 patients, 
79%, p<0.001 vs. RVAP).  
Biventricular pacing significantly changed RV electrical activation compared to LBBB, with 
prolongation of RVTAT being the most pronounced change (76 ± 15 ms vs. 46 ± 21 ms, 
p<0.001). In contrast, no significant difference in RVTAT was observed between RVAP and 
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BVP, (69 ± 17 ms vs. 76 ± 15 ms during BVP, p=0.30). However, we did observe additional 
short RV lines of slow conduction at the RV base during BVP (Table 1).  
 
Left ventricular electrical activation 
We detected no significant difference in LVTAT with RVAP and LBBB though there did 
appear to be a trend for longer activation with RVAP (117 ± 29 ms vs. 103 ± 22 ms during 
LBBB, p=0.06) (Table 1). 
There were also similarities with respect to ventricular activation pattern. Epicardial LV 
breakthrough was not observed with either LBBB or RVAP and the LV base was always the 
area of latest activation (Figure 1).  
There were, however, also differences in LV activation pattern. The site of earliest LV 
activation was consistently localized at the apex during RVAP; this was followed by a single 
and circumferential activation front proceeding in an apex-to-base direction.  In contrast, 
during intrinsic conduction with LBBB, the left ventricle was circumferentially invaded by 
two opposite fronts of activation: paraseptal anterior and posterior. During LBBB, we 
observed multiple [median: 2 (range: 1 to 4)] lines of slow conduction oriented in LV base-to-
apex direction (activation delay occurred in a longitudinally direction). More than 70 % of the 
lines of slow conduction extended for more than half of the distance from the base to apex.  
In contrast, during RVAP, fewer lines of slow conduction were observed [median: 1 (range: 0 
to 2), p=0.006 vs. LBBB]. Also, these lines of slow conduction were typically shorter (55% 
extended for more than half of the distance from the apex to base) compared to the ones 
present during LBBB (p=0.002).  The orientation was circumferential in 35% and apex-to-
base in 65% of the cases (the activation was also transversally slowed down).   
Biventricular pacing induced a complete change in the LV activation pattern: the initial 
activation spread from the LV pacing site (actual LV pacing site was patient specific as it was 
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dependent on anatomical factors). The number, orientation and shape of the lines of slow 
conduction differed compared to those observed during intrinsic LBBB activation and RVAP. 
They were predominantly localized around the LV pacing site. Left Ventricular TAT was 
significantly shorter during BVP compared to RVAP (97 ± 19 ms vs. 116 ± 27 ms; p<0.01) 
but similar values were observed during LBBB (97 ± 19 ms vs. 103 ± 22 ms during LBBB; 
p=0.54) (Table 1). 
 
Ventricular electrical uncoupling 
Ventricular electrical uncoupling (the difference between the mean LV and RV activation 
times) was less pronounced during RVAP than during LBBB (38 ± 21 vs. 73 ± 12 ms, 
p<0.001). This is most likely due to the fact that RV activation was substantially prolonged 
during RVAP compared to intrinsic activation (LBBB). As a result, BVP produced a greater 
relative reduction in VEU when compared to LBBB rather than RVAP (-66 ± 31 ms vs. -31 ± 
20 ms, p<0.001) (Table 1). 
 
 
DISCUSSION 
 
In the present study, we observed significant differences in ventricular activation duration and 
patterns with RVAP compared to intrinsic activation with LBBB. Importantly comparisons 
were made within individual patients and therefore pacing site and myocardial structure 
remained constant. These findings may have important implications for the application of 
cardiac resynchronization therapy to patients with high percentages of RV pacing and LV 
impairment.  
In large randomized trials, patients with LBBB obtained the greatest benefit from cardiac 
resynchronization therapy 
7,8
. Detailed ventricular activation mapping, suggests that the 
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mechanism for this improved response is that LBBB results in more pronounced ventricular 
uncoupling (i.e. larger LV activation time delay relative to the RV activation) than is observed 
with nonspecific intraventricular conduction disturbance 
9
. A reduction in ventricular 
uncoupling appears to be the dominant mechanism through which BVP produces ventricular 
resynchronization.  
Right ventricular apical pacing produces QRS prolongation, dyssynchronous ventricular 
activation and would therefore also be expected to result in important VEU.  This assumption 
has led to the strategy of upgrading symptomatic heart failure patients, who receive high 
percentages of RV pacing, to biventricular pacing devices. 
10,15,16
.  
However despite encouraging results in some early small observational studies 
17–19
 these 
were not subsequently replicated (on LV remodeling, NYHA class and quality of life) 
10,11
. 
Only small numbers of patients have been included in randomized studies, but in this study 
CRT was not found to reduce death or hospitalization for HF, in patients with chronic RV 
pacing 
12
. 
 
Electrical activation differences between LBBB and RVAP 
Our results provide a potential mechanistic explanation, for the unexpected finding of a lack 
of benefit with CRT in patients who have a history of chronic RV pacing. These results were 
consistent with some previously presented (Varma et al., Heart Rhythm Society congress 
2008). Electrical activation delays were confirmed by mechanical data. However, in the 
present study we measured times of activation and patterns during LBBB and RV pacing but 
also the impact of CRT. 
 
1) Right ventricular pacing appears to result in very different right ventricular activation 
characteristics compared to those observed during intrinsic activation with LBBB.  During 
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RVAP, right ventricular activation is slower and therefore less efficient than during LBBB. 
As a result, BVP produces less efficient RV activation compared to LBBB, but there appears 
to be no significant difference in RV activation with BVP compared with RV apical pacing 
only.  
2) During right ventricular pacing, LV activation appears to be less efficient than during 
native conduction with LBBB (trend for prolonged LVTAT and different orientations of lines 
of slow conduction).  Delivery of BVP therapy produces greater reductions in left ventricular 
activation times relative to RVAP than when it is compared with intrinsic conduction with 
LBBB.  
3) The VEU, a parameter related to inter-ventricular dyssynchrony and probably a major 
determinant of response after CRT was during intrinsic LBBB activation nearly twice as high 
as that of the RVAP.  Biventricular pacing produces larger reductions in inter-ventricular 
dyssynchrony relative to LBBB activation compared with those observed relative to RV 
apical pacing. This is because bi-ventricular pacing prolongs RV activation time in 
conjunction with a reduction in LV activation time, which has the net effect of reducing inter-
ventricular dyssynchrony. Whereas when compared to RVAP, the main effect of BVP is to 
reduce only LVTAT, since RV activation occurs via the RV pacing lead in both cases. This 
produces a smaller reduction in ventricular electrical uncoupling. 
 
 
The larger reduction in LV activation time with BVP relative to RV apical pacing, if 
considered in isolation would appear to favour biventricular pacing in RV pacing over native 
LBBB. However, when effects of BVP on both ventricles are considered we found a greater 
reduction in inter-ventricular dyssynchrony relative to native LBBB activation. We believe 
that a reduction in inter-ventricular dyssynchrony is the dominant resynchronization 
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mechanism through which BVP improves cardiac function. Therefore the observed greater 
efficiency of CRT in patients with LBBB may be explained by the larger reduction in VEU 
compared with RV apical pacing. 
The importance of VEU is supported by our previous work, where we found the reduction in 
VEU to be an important predictor for CRT response 
9
. In a population of 32 heart failure 
patients, a VEU above 50 ms was associated with a 42-fold increase in the likelihood of being 
a clinical responder at 6 months (p<0.001). Moreover, VEU was found to be a better predictor 
for positive CRT response than QRS duration, LVTAT or a LBBB morphology. In light of 
this result, our finding in the present study of VEU times during RV apical pacing 
approximately half of those observed during LBBB with intrinsic conduction suggest that this 
group of patients may have less to gain from CRT than patients with LBBB. 
  
Clinical implications for cardiac resynchronization therapy 
Our findings have potentially important implications for patients with LV impairment who 
receive high percentages of RV pacing. The finding that the majority of patients in our study 
had significantly smaller reductions in VEU time may act to temper the enthusiasm for 
upgrading this group of patient to CRT.  Only relatively small numbers of patients with RV 
pacing induced QRS prolongation have been included in randomised trials but those that have 
been randomised did not appear to benefit from upgrading to CRT.  
There may be a potential role for electrocardiographic mapping as a means for screening 
chronically RV paced patients in order to identify individual patients who have prolonged 
VEU. Indeed, a subset of patients with high percentages of RVAP did have significantly 
prolonged VEU, the preferential target for CRT, and could be consider as good candidates for 
an upgrade strategy. In the present study 8 of the 24 patients had a VEU time of greater than 
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50ms. This assumption of course needs further investigation with appropriately powered 
randomized studies. 
 
 
STUDY LIMITATIONS 
 
The number of patients included in this study is modest; however, this is the largest study, 
with a within patient comparison, to date of detailed mapping of LV and RV electrical 
activation in heart failure patients during intrinsic rhythm (LBBB), RVAP and BVP. 
Furthermore, we have to admit the lack of mechanical study, of a clinical follow-up since this 
study was a within patient comparison and it is not admissible to implant LBBB patients with 
only RV pacing. No patients with septum or infundibular RV lead position have been 
included in the present study. Thus, we could not conclude on a potential difference in 
electrical epicardial activation pattern between different RV pacing sites. Since, only patients 
with LBBB were included in the present study we could not conclude to potential similarities 
or differences of epicardial electrical activation patterns during RVAP between patients with 
or without LBBB. Finally, the present study does not provide determinant data to answer the 
difficult question on the differences between chronic and de-novo RV pacing patients. In the 
BLOCK HF study
20
, there was an improvement in terms of primary outcome in the group 
BIV versus the group RV pacing (de-novo pacing). In the present study, we also observed a 
significant improvement in terms of VEU and LVTAT between BV and RV pacing. 
However, this improvement was not “spectacular” and was significantly less than versus 
LBBB (lesser level of dyssynchrony at baseline during RV pacing versus LBBB). The 
question of the choice between RV and BIV pacing during de-novo implantation in requiring 
patients (complete AV block) is difficult and not easy to answer since the very recent 
BIOPACE trial results. 
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CONCLUSION 
 
RV apical pacing results in important differences in ventricular activation pattern compared 
with native conduction with LBBB and the response to BVP also differs. The assumption that 
these 2 activation sequences are similar is not confirmed in the present study, suggesting 
potential differences in response after CRT. The RV pacing group may have less to gain from 
the addition of an LV lead; our study provides a possible explanation for the lack of response, 
which has been observed in the small number of patients who have been assessed in 
randomised control trials. Screening patients who receive high percentages of RV pacing with 
electrocardiographic mapping may be considered in future studies assessing the impact of 
upgrading chronically RV paced patients to CRT. 
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CLINICAL PERSPECTIVES 
 
The present study highlights important differences in terms of electrical activations between 
LBBB and RV apical pacing. These differences result in a less important inter ventricular 
dyssynchrony during RV apical pacing compared to LBBB [RV apical pacing induce a more 
important RV total activation time compared to LBBB without any difference in LV total 
activation time; ventricular electrical uncoupling (VEU) was half during RV apical pacing]. 
Thus, RV apical pacing is not always deleterious in term of electrical dyssynchrony and may 
be less pejorative compared to LBBB. Less electrical dyssynchrony have to be corrected by 
bi-ventricular pacing during RV apical pacing compared to LBBB. The present study may 
help clinicians to better understand electrical dyssynchrony induced by RV apical pacing. 
Thus epicardial electrical activation mapping may be helpful to identify RV chronically paced 
patients with high levels of electrical interventricular dyssynchrony (VEU > 50 ms). A better 
response to bi-ventricular pacing might be observed in such patients after an upgrade strategy. 
Further studies are needed to validate this strategy. 
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TABLES 
 
TABLE 1. Activation times during sinus rhythm (LBBB), right ventricular apical pacing and 
bi-ventricular pacing. 
 
 
Parameter LBBB 
(n=24) 
RVAP 
(n=24) 
BiV 
(n=24) 
p-value 1 
(LBBB vs. 
RVAP) 
p-value 2 
(BiV vs. RVAP) 
p-value 3 
(BiV vs. LBBB) 
       
LVTAT 
(ms) 
103 ± 22 116 ± 27 97 ± 19  0.06 <0.01 0.54 
RVTAT 
(ms) 
46 ± 21 69 ± 17 76 ± 15 <0.001 0.30 <0.001 
TAT (ms) 129 ± 19 130 ± 23 103 ± 18  1 <0.001 <0.001 
VEU (ms) 73 ± 12 38 ± 21 6 ± 28 <0.001 <0.001 <0.001 
 
LBBB: left bundle branch block; LVTAT: left ventricular total activation time; RV BK: Right Ventricle breakthrough; 
RVAP: right ventricular apical pacing; RVTAT: right ventricle total activation time; TAT: total activation time; VEU: 
ventricular electrical uncoupling. 
p-value 1: comparison for each parameter between LBBB and RVAP. 
p-value 2: comparison for each parameter between RVAP and BiV pacing. 
p-value 3: comparison for each parameter between LBBB and BiV pacing. 
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FIGURE LEGENDS 
 
FIGURE 1. 
A.Epicardial electrical activation map showing a posterior line of slow conduction between 
red and purple plots (e.g. 60 ms). B. Local epicardial activation times were recorded from the 
onset of the QRS (black solid line) to the maximal negative slope of each unipolar 
electrogram (dotted line). 
 
FIGURE 2. 
There were some similarities between LBBB and RVAP patients: 1 RV breakthrough, no LV 
breakthrough, and LV base as the latest activated area. However there were also differences: 
simultaneous apical activation of both ventricles by RVAP, different lines of slow conduction. 
AP: Anteroposterior; LAO: Left anterior oblique; LBBB: Left bundle branch block; LV: Left ventricle; PL: posterolateral; 
RV: Right ventricle; RVAP: right ventricle apical pacing. ♯: Left anterior descending artery; The star represent the RV 
pacing site. 
 
FIGURE 3. 
We observed in RVAP patients RV curvilinear lines of slow conduction (black and white 
arrows) around RV pacing site and several orientations (horizontal and base-to-apex) of LV 
Lines of slow conduction (black and white arrows). We observed more and longer LV Lines 
of slow conduction in LBBB patients with only a base-to-apex orientation. 
LBBB: Left bundle branch block; LV: Left ventricle; RV: Right ventricle; RVAP: right ventricle apical pacing. ♯: Left 
anterior descending artery; The star represent the RV pacing site. 
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IMPLICATIONS FOR PATIENT SELECTION AND THERAPY IMPROVEMENT 
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ABSTRACT 
 
Background 
It is unknown whether the resynchronizing effect of biventricular pacing (BVP) varies among 
patients depending on the underlying electrical substrate. 
Methods 
High resolution ventricular electrocardiographic mapping with invasive measurement of Left 
Ventricular (LV) dP/dtmax were performed during baseline activation and during BVP in 61 
heart failure patients with various conduction delays: 13 narrow QRS (<120ms), 22 nonspecific 
intraventricular conduction disturbance and 26 left bundle branch block. Electrical 
dyssynchrony, both during baseline activation and BVP, was quantified by total and LV 
activation times (TAT and LVTAT) and by ventricular electrical uncoupling (VEU = mean LV – 
mean RV activation time). Response to BVP was defined as a ≥10% LVdP/dtmax increase. 
Results 
The electrical activation pattern during BVP was similar for all patient groups and, hence, not 
dependent on the baseline conduction disturbance present. During BVP, TAT, LVTAT and VEU 
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were similar for all groups and correlated not or weakly with the change in LVdP/dtmax. In 
contrast, the changes in electrical dyssynchrony correlated significantly with the change in 
LVdP/dtmax: Spearman’s r=0.71, 0.69, and 0.69 for ∆TAT, ∆LVTAT and ∆VEU, respectively (all 
p<0.001). Responders showed higher baseline dyssynchrony levels and BVP-induced 
dyssynchrony reduction than nonresponders (all p<0.001); in nonresponders BVP worsened 
activation times compared to baseline. 
Conclusion 
BVP does not eliminate electrical dyssynchrony but rather brings it to a common level 
independent of the patient’s underlying electrical substrate. As a consequence, BVP is of benefit 
to dyssynchronous patients but not to patients with insufficient electrical dyssynchrony in 
whom it induces an iatrogenic electropathy. 
 
Key words: cardiac resynchronization therapy; electrical mapping; electrocardiographic 
mapping; hemodynamic; heart failure; pacing; left bundle branch block; Nonspecific 
Intraventricular Conduction Disturbance 
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ABBREVIATIONS 
 
BVP : Biventricular Pacing 
CRT: Cardiac Resynchronization Therapy 
LBBB: Left Bundle Branch Block 
LV: Left Ventricle 
LVdP/dtmax: maximal rate of systolic LV pressure rise 
LVTAT: Left Ventricular Total Activation Time 
NICD: Nonspecific Intraventricular Conduction Disturbance 
RV: Right Ventricle 
TAT: Total Activation Time (both ventricles) 
VEU: Ventricular Electrical Uncoupling 
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INTRODUCTION 
Biventricular pacing (BVP) is known to induce hemodynamic and clinical improvements as well 
as left ventricular (LV) reverse remodeling in heart failure patients with depressed LV ejection 
fraction and conduction disorders.
1,2
 Cardiac resynchronization therapy (CRT) is generally 
assumed to act by restoring synchrony of the ventricular activation, and the baseline QRS 
duration has historically been considered as the hallmark of electrical dyssynchrony.
3,4
 However, 
patient selection based on QRS duration is associated with a substantial rate of nonresponse. 
The concept of resynchronization is challenged by the observation that for patients with similar 
QRS duration, those with left bundle branch block (LBBB) respond significantly better than those 
with nonspecific intraventricular conduction disturbance (NICD).
5,6
 This difference may be 
explained by a differential effect of BVP depending on the underlying baseline electrical 
substrate. This hypothesis is buttressed by the recent reports showing that in non-LBBB 
patients, BVP can be inefficient or even harmful.
7–10
 An improved mechanistic understanding of 
the limitations and beneficial effects of current methods for delivering BVP therapy is therefore 
required, 1) to identify targets for improving this therapy and 2) to avoid worsening of the 
patients prognosis. 
In the present study, we specifically address the electrical consequences of BVP in relation to 
the patients’ underlying electrical substrates and set out to determine whether this influences 
the magnitude of the hemodynamic response to this therapy. To this purpose, we performed 
electrocardiographic mapping of both ventricles together with invasive hemodynamic 
measurements before and after BVP in a population of heart failure patients covering a wide 
spectrum of conduction disorders, i.e., narrow QRS duration, NICD, and LBBB. 
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METHODS 
 
This study is different in design from the studies that previously reported an 
observational association between mechanical dyssynchrony and long term outcomes, which 
was later found to be not therapeutically valid when tested formally by prospective randomized 
trials. Instead our study carries out invasive measurements of hemodynamic response to BVP in 
relation to detailed electrical measurements of dyssynchrony. The conduct of the study 
conformed to the principles outlined in the declaration of Helsinki on research in human 
subjects. All patients granted their written approval to participate in the study, which was 
approved by the institutional ethics committee. 
PATIENT POPULATION 
The study population consisted of a cohort of 61 patients scheduled for CRT-device 
implantation. To obtain a large range of electrical ventricular dyssynchrony we included, 
between September 2009 and June 2013, patients with: narrow QRS duration (<120ms, 13 
patients, 21%), NICD (22 patients, 36%), or LBBB (26 patients, 43%) on the 12-lead surface ECG. 
Intraventricular conduction disturbances were defined according to the most recent 
AHA/ACCF/HRS criteria.
11
 All patients fulfilled the following criteria: New York Heart Association 
(NYHA) functional class II, III or IV despite optimal medical therapy, ejection fraction ≤ 35% and 
sinus rhythm during the experiments. Second or 3
rd
 degree atrioventricular block, severe aortic 
valve stenosis, or LV intracavitary thrombus were criteria for exclusion. In the narrow QRS 
group, 6 patients had a bradycardia indication for pacing (3 paroxysmal AV block and 3 brady-
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tachy syndrome with slow ventricular conduction) while 7 patients had previous persistent AF 
with uncontrolled heart rate and were candidate to AV node ablation. 
Mean age was 66±10 years, 49 were male (80%), 28 (46%) had an ischemic 
cardiomyopathy (defined as a history of myocardial infarction or prior revascularization), 15 
(25%) patients were in NYHA Class II, 45 (74%) in Class III, and 1 (2%) in Class IV. Mean LV 
ejection fraction, assessed by echocardiography, was 27±5% and mean QRS duration as derived 
from the 12-lead surface ECG was 142±27ms. More detailed analyses of the baseline electrical 
substrate of 18 LBBB and 14 NICD patients are available elsewhere.
12
  
The 61 patients were implanted with a cardiac resynchronization therapy-defibrillator via 
a percutaneous transvenous approach. The RV lead was implanted preferentially at the RV apex. 
The position of the LV lead depended on the coronary venous anatomy, lead stability, pacing 
threshold (sites with phrenic nerve capture were avoided). Within 72 hours of implantation, 
every patient underwent a hemodynamic and an electrocardiographic mapping assessment.  
ACUTE HEMODYNAMIC STUDIES 
Continuous invasive LV pressure measurement was performed using a micromanometer (Radi 
Medical Systems; St Jude Medical, St. Paul, MN) placed in the LV cavity via retrograde 
transaortic catheterization. The LV pressure signal was used to measure maximal rate of systolic 
LV pressure rise (LVdP/dtmax) during baseline sinus rhythm and during atrial sensed biventricular 
stimulation (VDD mode). The atrio-ventricular (AVD) delay was set to 80ms. In cases of sinus 
bradycardia (rate<45bpm) or frequent extrasystoles, LV pressure during baseline and BVP were 
alternatively measured in AAI and DDD mode, respectively (same atrial pacing rate). In these 
cases the AVD was set to 100ms (a compromise between the need for AVD extension in the 
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atrial paced condition and the need for AVD reduction at higher pacing rates). VV delay was 
programmed to 0ms. Pressure data were recorded after a 30-second period of hemodynamic 
stabilization. LVdP/dtmax was calculated as the average over a 10-second recording that was free 
from ventricular or supraventricular extrasystoles. Hemodynamic response was assessed by the 
BVP-induced %-change of LVdP/dtmax. Patients demonstrating a ≥10% increase in LVdP/dtmax 
were defined as hemodynamic responders to CRT.
3,13
  
 
NONINVASIVE MAPPING OF ELECTRICAL ACTIVATION 
Ventricular activation maps were acquired during baseline activation and BVP (with the same 
pacing settings as  during the hemodynamic assessment) using a noninvasive high-resolution 
electrocardiographic mapping system (ECVUE™, CardioInsight Technologies Inc, Cleveland, 
Ohio). As previously described in detail, body surface potentials were recorded from 252 sites 
around the entire surface of the torso.
12,14
 A thoracic computed tomography scan was acquired 
with the electrodes attached to the patient. The body surface potentials and computed 
tomography images were then combined and processed to reconstruct 1500 epicardial unipolar 
electrograms. Local ventricular activation times were calculated from the onset of the QRS 
(baseline) or the pacing spike (BVP) to the maximal negative slope of each unipolar electrogram. 
An epicardial breakthrough site was defined as the earliest location identified on the isochrone 
map. A line of slow conduction was recorded if the activation times of adjacent points on either 
side of this line differed by more than 50 ms. The following electrical dyssynchrony indices were 
derived from the maps: 
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- TATSR and TATBVP: Total Activation Time, defined as the time difference (ms) between 
the earliest and the latest site of activation on the entire ventricular epicardium (left 
and right ventricle (RV)) during baseline activation (SR) or biventricular pacing (BVP). 
ΔTAT was TATSR -TATBVP (ms). 
- LVTATSR and LVTATBVP: LV Total Activation Time, defined as the time difference (ms) 
between the earliest and the latest site of activation on the LV epicardium only, 
during baseline activation (SR) or biventricular pacing (BVP). ΔLVTAT was LVTATSR- 
LVTATBVP (ms). 
- VEUSR and VEUBVP: Ventricular Electrical Uncoupling, defined as mean LV activation 
time minus mean RV activation time (ms) during baseline activation (SR) or 
biventricular pacing (BVP). ΔVEU was VEUSR-VEUBVP (ms). 
STATISTICAL ANALYSIS 
We have presented categorical variables as counts (percentages) while continuous variables 
were expressed as mean (SD) or as median (minimum-maximum). Comparisons of TAT, LVTAT 
and VEU between groups were performed using a Kruskal-Wallis test. Pairwise comparisons 
were performed using Dunn’s procedure with a Bonferroni correction for multiple comparisons. 
Within each group, we compared SR and BVP data with a paired t-test. Responders and 
nonresponders were compared using a Mann-Whitney U test. The relationships between 
LVdP/dtmax and TAT, LVTAT, or VEU (SR, BVP or ∆) were assessed by using the Spearman 
correlation coefficient (rs). Partial correlations that accounted for SR values were estimated for 
∆ values of TAT, LVTAT and VEU. Correlations were compared using the T2 method 
10 
 
recommended by Steiger.
15
 A p-value <0.05 was considered statistically significant for all tests. 
Statistical analyses were performed using SPSS version 18.0 (SPSS Inc., Chicago, IL). 
 
RESULTS 
ELECTROCARDIOGRAPHIC MAPPING OF VENTRICULAR ACTIVATION DURING BVP 
Figure 1 shows activation maps during baseline activation and during BVP for one patient of 
each subgroup. Figure 2 summarizes average values of TAT, LVTAT and VEU during baseline 
activation and BVP for all three patient groups.  
The electrical activation sequence observed during biventricular pacing was not dependent on 
baseline conduction characteristics and was patient specific (figure 1). Thus, we were unable to 
blindly classify the BVP maps according to their baseline conduction characteristics (narrow 
QRS, NICD or LBBB). Nevertheless, some common features were recognized. First, we observed 
activation originating from two locations corresponding to the respective RV and LV pacing site. 
RV activation onset usually preceded initial LV activation by 6±18ms on average (p=0.3 between 
the 3 groups). From each of these two breakouts activation spread radially, and was not 
affected by the lines of slow conduction when present during baseline activation. On the LV 
surface, the eccentric front of activation encountered a new curved line of slow activation with 
variable length and radius of curvature, delineating a primary area of fast activation. These lines 
were seen in 51 (84%) patients independently of their baseline conduction characteristics. We 
observed the same phenomenon less frequently on the RV surface (37 patients, 61%). The 
radius of the curves were similar to that observed in the LV, however were shorter in length. 
The primary area of RV activation frequently reached the LV epicardium, producing in some 
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cases coalescence between the areas of primary RV and LV activation. Beyond these islands of 
early activation the apparent speed of activation tended to increase (widely spaced isochronal 
lines), unless additional conduction delays appeared as occurred in 31 patients (51%). Such 
remote lines of slow conduction showed no consistency in shape or orientation. 
During BVP, the electrical dyssynchrony indexes TATBVP, LVTATBVP and VEUBVP were not 
significantly different between the three patient subgroups (Figure 2). As a result narrow QRS 
patients showed a significant increase in both TAT and LVTAT relative to baseline conduction, 
and NICD patients also showed a significant increase in LVTAT (Figures 2,3). Only the LBBB group 
presented a significant BVP-induced reduction in the three dyssynchrony parameters. 
RELATIONSHIP BETWEEN ELECTRICAL DYSSYNCHRONY AND HEMODYNAMIC 
RESPONSE TO BVP 
Hemodynamic measurements were successfully obtained in 58 patients. Onset of complete 
atrio-ventricular block during the procedure for one and excessive artifacts on the 
hemodynamic trace for two others prevented analysis in three patients. Baseline QRS duration 
was associated with the changes in LVdP/dtmax induced by BVP (rs=0.67; p<0.001). 
When considering all patients together, all three indices of baseline electrical dyssynchrony 
were correlated to the changes in LVdP/dtmax induced by BVP relative to baseline conduction 
(Figure 4). Spearman correlation coefficients for TATSR, LVTATSR and VEUSR were: 0.67, 0.59, and 
0.79 respectively (all p<0.001). The association with the changes in LVdP/dtmax was stronger for 
VEUSR than TATSR (p<0.03 vs VEUSR), LVTATSR (p<0.01 vs VEUSR) or QRS duration (p=0.04 vs 
VEUSR). 
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In contrast, during BVP the indices of electrical dyssynchrony showed little or no correlation 
with the changes in LVdP/dtmax as illustrated in Figure 5. Spearman correlation coefficients for 
TATBVP, LVTATBVP and VEUBVP were: -0.28 (p=0.03), -0.24 (p=0.08) and -0.12 (p=0.38) 
respectively. 
In the whole patient population there was a significant correlation between the changes in the 3 
electrical dyssynchrony parameters and the changes in LVdP/dtmax induced by BVP (Figure 6). 
Spearman correlation coefficients for ΔTAT, ΔLVTAT and ΔVEU were respectively: 0.71, 0.69, 
and 0.69 (all p<0.001). In order to refine the understanding of this relationship we calculated 
partial correlation coefficients that account for the TATSR, LVTATSR and VEUSR values: rs’=0.33, 
(p=0.01) for ∆TAT; rs’=0.44, (p=0.001) for ∆LVTAT; rs’=0.29, (p=0.03) for ∆VEU. 
In summary, the hemodynamic response to BVP is correlated strongly with the baseline 
electrical dyssynchrony and to a lesser extent with the change in electrical dyssynchrony 
between BVP and baseline activation. 
ELECTRICAL DETERMINANT OF THE HEMODYNAMIC RESPONSE 
At a 10% increase level of LVdP/dtmax we found 21 responders (1 narrow QRS, 2 NICD and 18 
LBBB) and 37 nonresponders. Responders showed higher levels of baseline electrical 
dyssynchrony than nonresponders (p<0.001 for TATSR, LVTATSR and VEUSR). All responders had a 
VEU≥50ms whereas only 22% of nonresponders were above this 50ms cutoff (100% sensitivity; 
78% specificity). (Table 1) 
Responders and nonresponders presented similar dyssynchrony levels during BVP (p=ns for 
TATBVP, LVTATBVP and VEUBVP), whereas changes in electrical dyssynchrony were significantly 
different between both patient groups. Across the group as a whole mean TAT and LVTAT  
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decreased compared to baseline conduction in responders (-32±20ms for TAT, -17±20ms for 
LVTAT) , while they increased in nonresponders (+21±32ms for TAT; +30±28ms for LVTAT; 
p<0.001 for both). In only one responder did we observe a prolongation in TAT with BVP 
compared to baseline conduction, while three patients were responders despite LVTAT 
prolongation during BVP. All responders showed a VEU reduction ≥28ms and overall a greater 
reduction in VEU than nonresponders (p<0.001). For some nonresponders the VEU was even 
increased (negative value of ∆VEU) meaning that the relative delay of the LV was worsened with 
BVP compared to baseline conduction.   
 
DISCUSSION 
 
Based on detailed ventricular activation mapping, during both baseline conduction and BVP, this 
study casts some light on mechanisms through which BVP alters cardiac performance.  
First, the ventricular activation time and pattern (ventricular electrical uncoupling) produced 
during BVP is not dependent on the baseline ventricular conduction characteristics. BVP 
produces similar levels of electrical synchrony (or dyssynchrony) regardless of the underlying 
electrical substrate. 
Second, the main driver of acute hemodynamic response is the magnitude of change in 
ventricular electrical uncoupling and ventricular activation time. Since BVP results in similar 
ventricular activation characteristics regardless of the underlying substrate, improvements or 
worsening in function are mostly determined by the severity of ventricular conduction 
impairment during baseline conduction.  
14 
 
 
 
 
SPECIFIC BASELINE ELECTRICAL ACTIVATION VERSUS COMMON BVP ACTIVATION 
BEHAVIOR 
 
Independent of the underlying conduction disease, we observed similar activation behavior 
during pacing. A consistent phenomenon was the occurrence of curvilinear activation delays 
near the LV pacing site. Our results using non-invasive epicardial activation maps are consistent 
with previous findings using non-contact endocardial mapping in patients with LBBB.
16
 Using 
contact epicardial mapping in canines, Burgess et al. also demonstrated that these abrupt 
changes in uniformity of activation were solely the result of changes in pacing sites.
17
 
Noteworthy these activation delays were less marked during endocardial pacing than during 
epicardial pacing. Although we did not test LV endocardial pacing we observed that these curves 
of activation delay were less frequent and shortest around the endocardial RV pacing site. If the 
endocardium seems to play a critical role, we don’t have any information concerning the 
possible contribution of the Purkinje system, which has been found, again in healthy dogs, to be 
limited.
18
 We presume that if present, the Purkinje involvement was similar for narrow and wide 
QRS patients. 
BASELINE RATHER THAN PACING-INDUCED ELECTRICAL DYSSYNCHRONY DETERMINES 
HEMODYNAMIC RESPONSE TO BIVENTRICULAR PACING 
We observed linear relationships between the three baseline dyssynchrony parameters 
characterizing the baseline electrical substrate and the hemodynamic response to BVP. Once BV 
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paced, the strength of the association between electrical dyssynchrony and hemodynamic 
change dropped dramatically. Responders showed significantly higher baseline electrical 
dyssynchrony parameters than the nonresponders but similar degree of electrical dyssynchrony 
during BVP. This suggests that the differences observed between responders and 
nonresponders, with respect to change in electrical dyssynchrony from baseline conduction to 
BVP were mostly driven by the differences in baseline electrical dyssynchrony. In particular a 
baseline VEU≥50ms was consistently observed in responders (sensitivity and negative predictive 
value of 100%) with 78% specificity. We have previously show in a prospective clinical trial that 
patients with a VEUSR above 50ms had a 42 fold increase in the likelihood of being a responder 
(p<0.001).
12
  
HEMODYNAMIC RESPONSE TO BIV PACING ALSO DEPENDS ON THE QUALITY OF 
RESYNCHRONIZATION 
If electrical dyssynchrony is a prerequisite to the hemodynamic response to BVP, the amount of 
dyssynchrony reduction also plays a role as shown in figure 6. Partial correlation coefficients 
(corrected for baseline electrical dyssynchrony) indicated that the electrical resynchronization is 
independently correlated to the hemodynamic response to BVP. Interestingly, among the three 
dyssynchrony parameters, only VEU was consistently reduced in CRT responders (table 1). CRT 
response could occur despite TAT or LVTAT increase. These results are in agreement with our 
finding that single-site LV pacing can be as beneficial for cardiac pump function as BVP, despite 
the lack of TAT and LVTAT reduction during single site LV pacing.
19
 Correction (or reversion) of a 
deleterious VEU appears thus as the best candidate for a fundamental mechanism driving CRT 
response. On the other hand, the observation that BVP could be associated with worsening of 
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hemodynamic function and with lengthening of electrical activation times (TAT and LVTAT) 
despite reduction in VEU (nonresponders, table 1), strengthen the importance of maintaining 
ventricular activation times short. In summary, we propose that the principal benefit of BVP is 
the correction of the VEU. The level of response may further be enhanced by the optimization 
of the total and LV activation times. 
CLINICAL IMPLICATIONS:  
IATROGENIC ELECTROPATHY 
We clearly showed that the hemodynamic response to CRT was closely related to the baseline 
electrical dyssynchrony. All the responders fulfilled a minimum of electrical dyssynchrony. In 
particular, they all had a large VEU (≥50ms), with no exception. CRT is an electrical therapy 
treating a significant electrical substrate.  
BVP induced a new stage of electrical dyssynchrony, which was roughly homogeneous whatever 
the underlying conduction disease. The mean amount of dyssynchrony as assessed by our 3 
parameters was somewhere in between the baseline dyssynchrony values for narrow and LBBB 
patients. Thus, the pacing induced dyssynchrony could be worse than the baseline condition, 
with a detrimental effect on the hemodynamic (Figures 1, 2, 3, 6, and 7). The deleterious effect 
of BVP in patients with little electrical dyssynchrony (narrow QRS) has recently been highlighted 
by the results of two multicenter randomized controlled trials. The LESSER-EARTH trial was 
prematurely stopped because of futility and safety concerns after 85 patients with QRS duration 
<120ms were randomized to CRT “on” or CRT “off”.
7
 In the treatment group, the 6-minute walk 
distance was significantly shorter at 12 months (−11 m versus 25 m; p=0.01), with a trend 
toward an increase in heart failure-related hospitalizations. In the Echo-CRT study, CRT-D was 
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randomly applied to patients with a narrow QRS duration(<130ms, mean QRS duration of 
105ms) who were classified as having mechanical dyssynchrony using echocardiography.
8
 The 
data safety monitoring board terminated the trial prematurely because of an 81% higher 
mortality rate was observed in the CRT group. The proarrhythmic effect of CRT in this 
population was probably not the main explanation for this result since the number of ICD shocks 
did not differ between the CRT and the control group. Our observations in the current study 
provide an alternative explanation for these findings. We found that BVP actually results in 
more dyssynchronous electrical ventricular activation, when it is applied to patients with little or 
no electrical dyssynchrony (Figure 7). Therefore in patients with a narrow QRS duration BVP 
induces electrical dyssynchrony, which worsens cardiac function which would be expected to 
result in worse clinical outcomes. 
Recent data from the extended MADIT-CRT trial suggests that the CRT-induced iatrogenic 
dyssynchrony may also be important in non-LBBB patients with a wide  QRS duration.
9
 From the 
initial 1818 patients initially randomized to CRT with a defibrillator or defibrillator only, 854 
were followed up to 7 years. There was a 41% reduction in the long-term risk of death among 
patients with left bundle-branch block who were randomly assigned to CRT, while non-LBBB 
patients (QRS≥130ms) showed a significant increase of death with the same “therapy” (hazard 
ratio 1.57 (1.03-2.39); p=0.04). This striking result may be explained by our observation that 
many patients with NICD actually have left ventricular activation times (as well as VEU) which 
are comparable to those observed in patients with narrow QRS duration on the 12 lead ECG 
(figure 4), especially those for whom the QRS widening reflect a RV delay (negative VEU). We 
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found that in the group as a whole BVP increased the LVTAT in patients with NICD (figure 2, 
panel B), an adverse effect that may impair clinical outcome. See also figure 3. 
THE MISSED POTENTIAL OF CONVENTIONAL BVP 
In this study we demonstrate that reducing ventricular activation time is an integral part of the 
mechanism through which BVP produces its beneficial effect. If BVP is applied to patients with 
minimal electrical dyssynchrony current methods for delivering BVP produces a prolongation in 
activation time which in turn has adverse hemodynamic consequences. 
Our data also shows that BVP does not fully reverse the conduction impairment induced by 
LBBB, in fact it results in only modest reductions in LV activation time (Figure 2, B).  Activation 
times with BVP are significantly longer than those observed during baseline conduction with a 
narrow QRS duration. Therefore there appears to be significant potential for improving 
resynchronization therapy. We believe efforts should be made to develop techniques to 
improve the delivery of ventricular resynchronization since they have a high likelihood of 
producing additional improvements in cardiac function.  
PERSPECTIVES 
Proper patient selection based on the baseline electrical dyssynchrony appears more important 
than ever, allowing discrimination of potential responders as well as identifying patients who 
are likely to be adversely affected by BVP. Reducing VEU appears to be a critical component of 
the mechanism through which BVP delivers its beneficial effect. We showed that VEU reduction 
was necessary for CRT response. However ∆TAT and ∆LVTAT were also correlated to changes in 
LVdP/dtmax, suggesting that faster activation times provide higher hemodynamic response. 
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Whether or not the hemodynamic response to BVP could be enhanced by optimization of the 
electrical resynchronization at the individual level deserves future investigation. 
LIMITATIONS 
The absence of RBBB patients in our population has magnified the value of the TAT parameter 
(same for the QRS duration). However LVTAT and VEU were insensitive to this selection bias. We 
used a relatively short AV delay to avoid fusion with the baseline activation. This allowed us to 
exclusively assess the effect of BVP but may differ from the clinical practice. The low response 
rate (36%) presented in this study is explained by the inclusion of patients with narrow QRS 
complex. 
 
CONCLUSION  
 
Hemodynamic response to BVP is strongly correlated to the changes in electrical dyssynchrony 
induced by BVP. These latter changes mostly depend on the baseline electrical dyssynchony 
since BVP provided similar activation features whatever the underlying conduction disease. 
Hemodynamic response can be expected as long as the amount of baseline electrical 
dyssynchrony exceeds the amount induced by BVP. Conversely, BVP may induce an iatrogenic 
electropathy in patients suffering from insufficient electrical dyssynchrony at baseline. 
Considerable potential exists for improving the effectiveness of resynchronization therapy if 
methods can be developed to deliver better electrical ventricular resynchronization.  
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TABLE 
 
TABLE 1 
Responders versus nonresponders: electrical dyssynchrony (median [min ;max]).  
 
Parameter 
Responders (n=21) 
Narrow: 1 /NICD:2 /LBBB: 18 
Nonresponders (n=37) 
Narrow: 12 /NICD:19 /LBBB: 6 
 
p 
 
TATSR 136 [81;173] 86 [41;134] <0.001 
LVTATSR 118 [61;158] 72 [29;125] <0.001 
VEUSR 72 [50;95] 35 [-41;86] <0.001 
TATBIV 101 [78;135] 111 [77;143] 0.12 
LVTATBIV 96 [71;135] 107 [66;136] 0.23 
VEUBIV 8 [-32;42] 9 [-43;63] 0.85 
∆TAT 27 [-20;63] -31 [-90;51] <0.001 
∆LVTAT 21 [-23;47] -34 [-82;19] <0.001 
∆VEU 62 [28;118] 24 [-55;100] <0.001 
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FIGURES 
 
 
FIGURE1 
 
Electrocardiographic maps of 3 patients during baseline conduction (left side, “baseline”) and BVP (right 
side, “BV pacing”). Top row: “LBBB”; patient with a LBBB (QRS duration: 160ms). Middle row: “narrow”; 
patient with a narrow QRS complex (QRS duration: 118ms).Bottom row: “NICD”; patient with a NICD 
(QRS duration: 130ms).  For comparison purpose, all maps referred to the same relative scale of 130ms. 
LAO: left anterior oblique view. LL: left lateral view. Blue stars indicate RV pacing location. White stars 
indicate LV pacing location. LAD: left anterior descending artery. BVP results in alteration of the 
ventricular activation for the narrow and NICD patients (emergence or extension of “blue” areas on the LV 
and peripacing activation conduction delays). In contrast, LBBB benefits from BVP by reduction of the LV 
activation delay (disappearance of “dark blue” area by collision of the RV and LV activation fronts). 
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FIGURE 2 
Comparison between the three groups of 
patients (narrow QRS duration “narrow”, NICD, 
LBBB) of the electrical dyssynchrony 
parameters TAT (A), LVTAT (B) and VEU (C) 
for both baseline (black bars, “SR”) and BVP 
(orange bars, “BVP”) activations. * means 
p<0.01 for comparison between “SR” and 
“BVP”. # means p<0.001 for overall comparison 
of “SR” values between the three groups and 
p<0.05 (at least) for subsequent comparison 
within the three groups (except panel C 
between narrow and NICD). Overall 
comparison of “BVP” values between the three 
groups was statistically non-significant (p>0.05). 
Error bars: ±1SD. 
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FIGURE 3: 
 
Electrocardiographic maps of a NICD patient (same as figure 1) during BVP. Four different views are 
oriented as shown by the torso (there is overlap between adjacent views). LAO: left anterior oblique view. 
Blue stars indicate RV pacing location. White stars indicate LV pacing location. LAD: left anterior 
descending artery. Color dots are local electrograms and numbered from 1 to 4 (referred to map “A”). 
White arrows indicate the direction of the activation wave fronts. Thin black curves represent isochrones 
(every 9ms). A: starting from the pacing site, the activation spreads rapidly and radially to the RV. It is only 
at the level of the LAD projection (see”A”) and at the posterior face of the LV (see “D”) that the activation is 
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delayed (crowding of isochrones). Initial electrograms showed negative QRS complex (1, 2), while remote 
electrograms had positive QRS complex (3, 4). B: the anterior line of conduction delay prevents the 
activation wavefront from propagating to the LV in such a way that the anterior wall of the LV is activated 
from the base. C: isochronal activation crowding surrounds the LV pacing site delineating a primary area 
of activation. Beyond this ring of conduction delay, the activation velocity raises (spacing of isochrones, 
large unicolor area). D: merging of two activation fronts at the posterior face of the LV. 
 
 
 
 
 
 
FIGURE 4: 
 
Correlation between TATSR (A), LVTATSR (B), VEUSR (C) and changes in LVdP/dtmax induced by BVP 
compared with baseline activation. 
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FIGURE 5: 
 
Correlation between TATBVP (A), LVTATBVP (B), VEUBVP (C) and changes in LVdP/dtmax induced by BVP 
compared with baseline activation. For comparison purpose we used the same scales as figure 4. 
 
 
 
 
FIGURE 6: 
 
Correlation between ∆TAT (A), ∆LVTAT (B), ∆VEU (C) and changes in LVdP/dtmax induced by BVP 
compared with baseline activation. 
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FIGURE 7: 
 
The missed potential of conventional BVP. Figure derived from figure 2 panel A. Comparison between the 
three groups of patients (narrow QRS duration “narrow”, NICD, LBBB) of the TAT for both baseline (black 
dots, “SR”) and BVP (orange dots, “BVP”) activations. Error bars: ±1SD. Conventional BVP only reduces 
the TAT in severely dyssynchronous patients (green arrow) and creates/worsens electrical dyssynchrony 
(red arrow) when applied to patients with near normal conduction. The gap between the BVP performance 
in resynchronization (orange line) and the lower level of dyssynchrony observed (dotted line) represents 
the “missed potential” of conventional BVP (grey arrow). 
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Acute electrical and hemodynamic effects of multisite left
ventricular pacing for cardiac resynchronization therapy in the
dyssynchronous canine heart
Sylvain Ploux, MD,*†‡ Marc Strik, MD,* Arne van Hunnik, BSc,* Lars van Middendorp, MD,*
Marion Kuiper, BSc,* Frits W. Prinzen, PhD*
From the *Department of Physiology, Cardiovascular Research Institute Maastricht, Maastricht University, Maastricht, The
Netherlands, †Hôpital de Haut-Lévêque, CHU de Bordeaux, Pessac, France, and ‡L’Institut de Rythmologie et modélisation
Cardiaque, Université de Bordeaux Segalen, Bordeaux, France.
BACKGROUND Multisite left ventricular (multi-LV) epicardial pac-
ing has been proposed as an alternative to conventional single-site
LV (single-LV) pacing to increase the efﬁcacy of cardiac resynch-
ronization therapy.
OBJECTIVE To compare the effects of multi-LV versus single-LV
pacing in dogs with left bundle branch block (LBBB).
METHODS Studies were performed in 9 anaesthetized dogs with
chronic LBBB using 7 LV epicardial electrodes. Each electrode was
tested alone and in combination with 1, 2, 3, and 6 other
electrodes, the sequence of which was chosen on the basis of
practical real-time electrical mapping to determine the site of the
latest activation. LV total activation time (LVTAT) and dispersion of
repolarization (DRep) were measured by using approximately 100
electrodes around the ventricles. LV contractility was assessed as
the maximum derivative of left ventricular pressure (LVdP/dtmax ).
RESULTS Single-LV pacing provided, on average, a4.0% 9.3%
change in LVTAT and 0.2%  13.7% change in DRep. Multi-LV
pacing markedly decreased both LVTAT and DRep in a stepwise
fashion to reach 41.3%  5% (Po .001 for overall comparison)
and 14.2%  19.5% (P o .02 for overall comparison) in the
septuple-LV pacing conﬁguration, respectively. Single-LV pacing
provided a mean increase of 10.7%  7.7% in LVdP/dtmax.
LVdP/dtmax incrementally increased by the addition of pacing
electrodes to 16.4%  8.7% (P o .001 for overall comparison).
High response to single-LV pacing could not be improved further
during multi-LV pacing.
CONCLUSIONS Compared with single-LV pacing, multi-LV pacing
can considerably reduce both LVTAT and DRep in dogs with LBBB,
but the improvement in contractility is limited to conditions where
single-LV pacing provides suboptimal improvement. Further studies
are warranted to determine whether these acute effects translate in
antiarrhythmic properties and better long-term outcomes.
KEYWORDS Cardiac resynchronization therapy; Multisite left
ventricular pacing; Heart failure; Left bundle branch block;
Cardiac mapping; Biventricular pacing
ABBREVIATIONS CRT¼ cardiac resynchronization therapy; DRep¼
dispersion of repolarization; LBBB ¼ left bundle branch block;
LV ¼ left ventricular; LVdP/dtmax ¼ maximum derivative of left
ventricular pressure; LVTAT ¼ left ventricular total activation time;
multi-LV ¼ multisite left ventricular; RV ¼ right ventricular;
single-LV ¼ single-site left ventricular
(Heart Rhythm 2014;11:119–125) I 2014 Heart Rhythm Society. All
rights reserved.
Introduction
Cardiac resynchronization therapy (CRT) is an established
treatment of patients with symptomatic heart failure, severely
impaired left ventricular (LV) function, and conduction
disorders, most often in the form of left bundle branch block
(LBBB). Large randomized trials have demonstrated that
CRT improves quality of life and symptoms as well as
reduces heart failure–related hospitalizations and mortality.
However, approximately one-third of the patients appear not
to respond signiﬁcantly to CRT.1 Because CRT is a
relatively expensive and invasive technique, requiring vir-
tually irreversible device implantation, there is considerable
interest in attempts to improve the response rate. While most
attention has been focused on criteria for patient selection, an
at least equally important approach is to improve therapy
delivery. As the beneﬁts of CRT are particularly thought to
result from improved electrical resynchronization of the LV,
multi-site LV pacing has arisen as an alternative strategy for
improving the success rate of CRT. However, thus far this
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He was supported by the French government’s l’Agence National de la
Recherche au titre du programme Investissements d’Avenir (reference no.
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question has not been speciﬁcally addressed. Human data are
restricted to LV pacing at 2 sites (triventricular pacing), and
acute hemodynamic studies evaluating the role of triven-
tricular pacing have shown conﬂicting results.2–5
The hypothesis of the present study was that both
electrical resynchronization and hemodynamic function
improve with an increasing number of LV pacing sites. In
order to investigate this hypothesis, experiments were
performed in dogs with chronic LBBB.6 In this well-
established animal model of dyssynchrony, we pursued
optimal resynchronization by using near real-time electrical
mapping to locate and stimulate the latest activation of 7
predetermined LV pacing electrodes: ﬁrst 1 and then 2, 3, 4,
and all 7 electrodes simultaneously. This design allowed an
extensive comparison of many pacing sites and invasive
hemodynamic measurements.
Methods
Animal handling was performed according to the Dutch Law
on Animal Experimentation and the European Directive for
the Protection of Vertebrate Animals Used for Experimental
and Other Scientiﬁc Purposes. The protocol was approved by
the Animal Experimental Committee of Maastricht
University.
Experimental setup
The experiments were performed on 9 adult mongrel dogs of
either sex and unknown age, weighing 22.0  0.5 kg. After
the induction of Pentothal, anesthesia was maintained by the
infusion of midazolam (0.25 mg/(kg  h) intravenously) and
sufentanil (3 μg/(kg  h) intravenously). LBBB was created
by radiofrequency ablation 16 weeks before the acute
experiment, allowing for ventricular remodeling to occur.
Surface electrocardiograms were recorded from the limb
lead electrodes. LV pressure and volume were measured by
using a combination of 7-F catheter-tip manometer and
conductance catheter, and right ventricular (RV) pressure
measured by using a 7-F catheter-tip manometer (CD-
Leycom, Zoetermeer, The Netherlands). These catheters
were introduced into the carotid artery and jugular vein,
respectively. After thoracotomy, 2 multielectrode bands for
recording and pacing were positioned around the heart, one
approximately 1 cm below the base and the other around the
mid-level. Each of these customized bands contained 2 rows
of electrodes (2  30 and 2  22, respectively), approx-
imately 1 cm apart. To measure the electrical activation of
the septum, an 8-pole multielectrode catheter (Daig Livewire
TC, Minnetonka, MN) was placed through the jugular vein
in contact with the RV septum.
Temporary myocardial pacing leads (Medtronic, type
6500, Minneapolis, MN) were sutured to the epicardial
surface of the roof of the right atrium and to the LV apex.
Seven predeﬁned epicardial electrodes were used for the LV
pacing protocol: at the anterior, lateral, and posterior walls of
both the basal and the mid-level of the LV (from the bands)
and at the LV apex (lead).
After instrumentation and hemodynamic stabilization,
electrical mapping and hemodynamic measurements were
acquired simultaneously. For all 7 epicardial electrodes, the
pacing threshold was determined. Each LV electrode was
ﬁrst used for single-LV pacing, the order of which was
randomized per dog. Subsequently, a second LV electrode
was added, being the 1 of the 6 remaining with the longest
activation time (located in the latest activated region) during
single-LV pacing, as assessed by epicardial mapping
(Figure 1). The same procedure was repeated for the third
and the fourth LV electrode (Figure 1). Finally, all 7 LV
electrodes were paced together (5 and 6 electrodes together
were not tested). The ventricular pacing mode was DOO, 10
beats/min above the sinus rhythm. Baseline atrial pacing
measurements were repeated at each pacing site in the AOO
mode at the same rate. The paced AV interval was set at 70
ms, and full capture was conﬁrmed by cardiac mapping
Figure 1 Overview of the pacing protocol. Three-
dimensional epicardial activation maps of both
ventricles during LBBB activation and single-,
dual-, triple-, quadruple-, and septuple-LV pacing
conﬁgurations in the same dog. In this example,
single-LV pacing started with the basal-anterior LV
electrode (center panel, top row). During single-LV
pacing, the latest remaining electrode was middle-
posterior (blue dot) and was thereby used for the dual
LV-pacing conﬁguration (right panel, top row). Each
time the latest activated electrode was added to
achieve triple and quadruple-LV pacing (bottom
row, left and middle maps). Finally, the 7 electrodes
were paced together. LBBB ¼ left bundle branch
block; LV ¼ left ventricular; LVdP/dtmax ¼ max-
imum derivative of left ventricular pressure; single-
LV ¼ single-site left ventricular.
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(absence of early activation at the level of the RV septum).
The ventricular electrodes used for multisite left ventricular
(multi-LV) pacing were paced simultaneously. The record-
ing of measurements started 30 seconds after the initiation of
pacing to achieve hemodynamic stability. Data were then
acquired for 20 seconds to include 4 respiratory cycles.
Data analysis
Data analysis was performed by using custom MATLAB
software (MathWorks, Natick, MA). From the LV and RV
pressure signals, the following parameters were derived:
systolic and end-diastolic pressure, maximum and minimum
derivatives of the ventricular pressure (dP/dtmax, dP/dtmin). LV
volume was determined from the conductance data recorded
with a Leycom Sigma 5DF signal conditioner processor (CD
Leycom, Zoetermeer, The Netherlands). For all cardiac map-
ping electrodes, activation times were calculated as the time
difference between the onset of the Q wave (during baseline
LBBB) or pacing artifact (during ventricular pacing) and the
time of steepest negative deﬂection in the depolarization part of
the electrogram. LV total activation time (LVTAT) was
calculated as the maximal difference in activation time between
all LV electrodes. Repolarization times were estimated as the
time difference between the onset of the Q wave or pacing
artifact and the time of steepest positive deﬂection in the
repolarization part of the electrogram. The total dispersion of
repolarization (DRep) was quantiﬁed as the maximum time
difference in repolarization from the electrode bands.7
Statistical analysis
Statistical analyses were performed by using the SPSS
software (version 18.0, SPSS Inc, Chicago, IL). All values
are presented as mean  SD (mean  standard error for
Figure 5). For all pacing conditions, the hemodynamic or
electrical results are expressed as a percentage of the
corresponding baseline. Changes in hemodynamics and
electrical parameters were compared among the different
pacing conﬁgurations by using repeated measures analysis of
variance. The Greenhouse-Geisser correction was applied in
the case of violation of the sphericity assumption. Bonferroni
correction was used for post hoc comparisons. The relation-
ship between LVdP/dtmax and LVTAT changes was assessed
by using the Pearson (for normally distributed data) or the
Spearman correlation coefﬁcients. Statistical signiﬁcance
was assumed at P o .05.
Results
Effects of multi-LV pacing on electrical activation/
repolarization
In each of the 9 experiments, single-, dual-, triple-, and
quadruple-LV pacing conﬁgurations were tested at each of
the 7 LV segments except for 1 dog that had partly missing
data for both triple- and quadruple-LV pacing. Neither
single-LV pacing nor multi-LV pacing induced ventricular
arrhythmias even when 7 sites were stimulated at an output
up to 10 V.
Figure 1 shows electrical maps during baseline (LBBB) and
during LV pacing at an incremental amount of simultaneously
stimulated electrodes. In this example, single-site anterobasal
LV pacing did not resynchronize the LV as the area of latest
activation shifted from the LV lateral wall (during LBBB)
toward the midposterior region with even increased electrical
asynchrony (evidenced by the dark-blue color contour). Simul-
taneously stimulating the second LV electrode closest to the
midposterior region eradicated the area of delayed activation and
clearly resynchronized the LV. Adding more pacing sites further
resynchronized the LV, as areas of the latest activation were
selected to undergo stimulation simultaneously with the electro-
des selected in previous settings.
On average, single-LV pacing did not change LVTAT as
compared with intrinsic LV activation (AAI pacing) in the
LBBB hearts (4.0%  9.3%; P 4 .9). LVTAT was even
increased byZ5% in 13 of the 61 tested single-LV pacing sites
(21%) and by Z10% in 5 of the 61 single-LV pacing sites
(8%). In contrast, multi-LV pacing markedly and signiﬁcantly
decreased the LVTAT in a stepwise manner: 14.3% 13%,
22.9%  11.5%, 29.2%  8.2%, and 41.3%  5% for
dual-, triple-, quadruple-, and septuple-LV pacing, respectively
(P r .001 for differences among all pacing conﬁgurations;
Figure 2). Table 1 gives absolute values for electrocardio-
graphic and hemodynamic parameters for all pacing modes
where similar reductions were observed for QRS duration and
total activation time. These reductions in total activation times
were observed consistently in all experiments.
Single-LV pacing yielded a nonsigniﬁcant change of
0.2%  13.7% in DRep (as compared with baseline LBBB;
P ¼ .9). Adding more pacing sites progressively decreased
DRep:2.5% 17.8%,6.3% 17.4%,9.7% 15.9%,
and 14.2%  19.5% for dual-, triple-, quadruple-, and
septuple-LV pacing, respectively (P r .02 for differences
among all pacing conﬁgurations; Figure 3). The corrected
QT duration was reduced similarly (Table 1).
Figure 2 Percent changes in LVTAT during single-, dual-, triple-,
quadruple-, and septuple-LV pacing compared with baseline atrial pacing
in the LBBB heart. All values are presented as mean  SD. P r .001 for
differences among all pacing conﬁgurations. *Pr .01 vs single-LV pacing.
LV ¼ left ventricular; LVTAT ¼ left ventricular total activation time.
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Effects of multi-LV pacing on hemodynamic
performance
Single-LV pacing provided a mean increase of 10.7% 
7.7% in LVdP/dtmax (P ¼ .04), with the optimal single-LV
pacing site being dog speciﬁc. On average, pacing the
anterior, lateral, and posterior base increased LVdP/dtmax
by 6.6%  6.9%, 9.2%  10.0%, and 12.9%  7.9%,
respectively. Pacing the anterior, lateral, and posterior faces
of the LV middle segment yielded 14.3%  9.4%, 9.8% 
7.9%, and 8.5%  13.0% increase in LVdP/dtmax, respec-
tively, while the apex was associated with a mean increase of
14.1%  7.8% (P ¼ .024 for comparison between the 7
locations). The anterior and lateral bases were found to be the
worst site 3 and 2 times, respectively; the posterior bases
were the best site in 2 dogs, the mid-anterior region was the
best in 2 cases, and the worst in 1; the mid-lateral region was
the best in 1 dog and the worst in another; the mid-posterior
region was the best in 2 dogs and the worst in 2 others; the
apex was the best site in 2 dogs.
Adding more pacing sites provided a gradual increase in
LVdP/dtmax, reaching 16.4%  8.7% for the septuple
conﬁguration (P r .001 for differences among all pacing
conﬁgurations; Figure 4). Unlike the electrical changes for
which we observed a fairly consistent step-by-step decrease
in each dog, the hemodynamic response to multi-LV pacing
was variable from one experiment to another (some dogs
were more sensitive to multi-LV pacing than others).
Correlations between LVdP/dtmax and LVTAT changes from
the different pacing conﬁgurations are presented in Table 2
for each dog: a modestly signiﬁcant correlation was found in
3 dogs, and no correlation was found in the remaining 6
dogs. These signiﬁcant correlation coefﬁcients were
observed for those dogs that beneﬁted most from multi-LV
pacing (their progressive hemodynamic improvement
matched with the progressive decrease in LVTAT induced
by the addition of pacing sites).
Effect of multi-LV pacing according to the single-LV
pacing effect
Figure 5A (left panel) shows the hemodynamic responses on
the different multi-LV conﬁgurations, distinguishing
between scenarios with the 2 single-LV sites that, within
Table 1 Electrophysiological and hemodynamic characteristics during baseline atrial pacing (LBBB) and single-, dual-, triple-, quadruple-,
and septuple-LV pacing
LBBB Single Dual Triple Quadruple Septuple
Electrophysiological parameters
Heart rate (beats/min) 141  14 141  14 142  13 141  13 141  14 143  14
PR time (ms) 132  21 73  10* 73  11* 75  10* 74  10* 75  10*
QRS duration (ms) 109  9 113  10 104  12† 98  10*† 95  10*† 89  9*†
Corrected QT duration (ms) 350 21 362  22 354  24† 347  22† 344  22† 342  27†
Total activation time (ms) 91  11 95  9 85  10† 80  11† 77  10† 73  9*†
LV total activation time (ms) 91  11 88  6 78  9† 70  9*† 64  5*† 53  4*†
Dispersion repolarization (ms) 90  14 89  9 86  11 83  12 80  11† 76  15
Hemodynamic parameters
LV Pmax (mm Hg) 83  10 83  10 83  10 84  10 84  10 84  10
LVdP/dtmax (mm Hg/s) 1325  346 1478  459 1514  465 1524  473 1529  486 1542  496
LVdP/dtmin (mm Hg/s) 1440  356 1373  355 1395  368 1394  355 1389  356 1350  358
LV EDP (mm Hg) 10  6 8  5 8  5 8  5 8  5 9  5
SV (mL) 22  09 26  12 26  11 27  11 27  11 28  12
RV Pmax (mm Hg) 37  8 33  8 33  8 33  8 33  8 34  9
RVdP/dtmax (mm Hg/s) 612  148 622  250 613  205 638  279 608  255 597  222
RVdP/dtmin (mm Hg/s) 417  115 379  108 386  110 387  106 392  108 392  107
RV EDP (mm Hg) 8  7 7  6 8  6 8  7 8  7 8  7
All values are presented as mean  SD. All P values are based on the general linear model for repeated measures.
dP/dtmax¼ maximum derivative of the corresponding ventricular pressure; dP/dtmin¼ minimum derivative of the corresponding ventricular pressure; EDP¼
end-diastolic pressure; LV ¼ left ventricular; Pmax ¼ peak systolic pressure; RV ¼ right ventricular; SV ¼ stroke volume.
*P o .05 for comparison with LBBB.
†Po .05 for comparison with single LV pacing.
Figure 3 Percent changes in the dispersion of repolarization during
single-, dual-, triple-, quadruple-, and septuple-LV pacing compared with
baseline atrial pacing in the LBBB heart. All values are presented as mean
SD. P o .02 for differences among all pacing conﬁgurations.*P r .03 vs
single-LV pacing. LV ¼ left ventricular; single-LV ¼ single-site left
ventricular.
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each experiment, provided the largest increase in LVdP/dtmax
(“best” sites), the 2 “worst” sites, and the 3 sites that yielded
intermediate hemodynamic improvement (“medium” sites).
When a single-LV pacing site provided a poor (worst) or
intermediate (medium) hemodynamic response, adding more
electrodes resulted in additional improvement. When the
hemodynamic response was optimal (best) with a single-LV
pacing site, no further improvement occurred with the
addition of pacing site(s). Noteworthy, the pacing location
during single-LV pacing was highly variable among the 3
groups whereas the mean local activation times in sinus
rhythm were similar: 65  22, 63 21, and 70  48 ms for
the best, intermediate, and worst group, respectively (P¼ .7).
Figure 5B (right panel) shows the LVTAT changes for the
same groups as deﬁned above. The 3 groups differed by their
effects on LVTAT induced by single-LV pacing but showed
similar electrical behavior (LVTAT reduction) to multi-LV
pacing.
Discussion
In the present animal study, we investigated a strategy for
optimal delivery of CRT using real-time mapping and adding
pacing sites at the latest activated regions. This study demon-
strated that compared to single-LV pacing, multi-LV epicardial
pacing produced faster ventricular electrical depolarization and
repolarization and some additional improvement in systolic LV
pump function. While the electrophysiological effects were
clearly proportional to the number of pacing sites, the
hemodynamic improvement was poorly correlated to the
reduction in LVTAT. Multi-LV pacing caused only a signiﬁ-
cant improvement in hemodynamic response if pacing at a
single-LV site provided suboptimal response.
Electrical changes induced by multi-LV pacing
LV pacing can improve the pump function of hearts with
depressed ejection fraction and LBBB. In LBBB, the loss of
fast LV activation through the specialized conduction system
leads to delayed and prolonged LV activation. Single-LV
pacing does not reduce LVTAT. Single-LV pacing essen-
tially results in a new stage of dyssynchrony, sometimes
greater than the intrinsic conduction (Figure 1, top middle
map). Conversely, multi-LV pacing can reduce it consis-
tently and proportionally to the number of electrodes used,
reaching a maximal reduction of approximately 41% in
LVTAT. In fact, total and LV activation time as well as QRS
duration approach near-physiological values.8 This reduction
is larger than that reported in dogs with normal atrioven-
tricular conduction (25% QRS width reduction with multi-
LV pacing using 4 electrodes as compared with single-LV
apex pacing).9 Similarly, in patients with heart failure, dual-
LV pacing shortened QRS duration by 22% whereas single-
site posterior base and lateral LV wall pacing increased it
signiﬁcantly by 2% and 12%.4 In our study, the reduction in
LVTAT coincided with a reduction in DRep, a combination
that may confer antiarrhythmic properties.10 Multi-LV pac-
ing has been suggested as a method for reducing the
possibility of reentry on the basis of the premise that
synchronous activation of the heart should reduce the
dispersion of the recovery of excitability.11,12
Hemodynamic effect of multi-LV pacing
Overall, multi-LV pacing also provided a signiﬁcant increase
in LVdP/dtmax over single-LV pacing. However, the relation-
ship between reduction in LVTAT and a hemodynamic
beneﬁt is not straightforward. There hardly exists a correla-
tion between changes in LVTAT and LVdP/dtmax. This lack
of correlation shows that the hemodynamic beneﬁt of multi-
LV pacing does not exclusively hinge on the degree of
absolute electrical asynchrony. The present study demon-
strates, in agreement with earlier studies, that the site of LV
pacing is a primary determinant of the hemodynamic
response to CRT, even though the physiological process
by which 1 site surpasses another are not well understood.9,13
Furthermore, it is unknown what the effects of the interaction
between an “optimal” and a “suboptimal” LV pacing spot
are. In this study, the addition of electrodes was beneﬁcial as
long as the hemodynamic improvement was suboptimal.
Figure 4 Percent changes in LVdP/dtmax during single-, dual-, triple-,
quadruple-, and septuple-LV pacing compared with baseline atrial pacing in
the LBBB heart. All values are presented as mean  SD. P r .001 for
differences among all pacing conﬁgurations.*Pr .03 vs single-LV pacing.
LBBB ¼ left bundle branch block; LV ¼ left ventricular; LVdP/dtmax ¼
maximum derivative of left ventricular pressure.
Table 2 Relationship between changes in LVdP/dtmax and
changes in LVTAT
Dog no.
Correlation
n r P
1 28 .04 .8
2 14 .06 .8
3 28 .36 .06
4 28 .06 .8
5 27 .40 .04
6 27 .50 o.01
7 28 .29 .1
8 28 .10 .6
9 27 .41 .03
LVdP/dtmax ¼ maximum derivative of left ventricular pressure; LVTAT ¼
left ventricular total activation time; n ¼ number of points.
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Conversely, when a large LVdP/dtmax increase was achieved
(even with a single electrode), the addition of pacing sites
was not detrimental. Figure 5B shows that single-LV pacing
was able to provide similar hemodynamic response as multi-
LV pacing despite different levels of LV resynchronization.
It also shows that the hemodynamic course of the 3 groups of
sites (best, medium, and worst) in response to multi-LV
pacing strictly differed despite similar LVTAT reduction.
These observations suggest that the hemodynamic improve-
ment of a given pacing conﬁguration is mostly driven by the
best of the pacing electrodes used and may explain why, on
average, dual-LV is better than single-LV pacing, triple-LV
is better than dual-LV pacing, and so on: the likelihood of
getting a favorable pacing site in the pacing set increases
with the number of electrodes used. Our ﬁndings are
supported by an acute hemodynamic study in 12 patients
with heart failure, where the beneﬁt of biventricular pacing
using 2 LV leads was not superior to conventional biven-
tricular pacing by using the best of 2 LV leads with an
optimized AV delay.5
Human experience of multi-LV pacing is restricted to
biventricular pacing using 1 RV and 2 LV leads (triven-
tricular pacing). Two randomized trials with a small sample
size have shown triventricular pacing to be associated with a
higher reduction in LV end-systolic volume than conven-
tional biventricular pacing, while the 6-minute walk distance
did not signiﬁcantly differ between the 2 groups.2,14 In these
studies, only 1 biventricular conﬁguration (out of 2) was
tested against triventricular pacing. Bordachar et al15 com-
pared triventricular pacing (1 RV þ 2 LV electrodes) with
conventional biventricular pacing in dogs with ischemic
heart failure and LBBB and did not ﬁnd any signiﬁcant
difference between the 2 pacing modes. Differences between
this canine study and ours are that we studied LV pacing
instead of biventricular pacing, that we extended the concept
of multi-LV pacing to 7 LV electrodes, and that additional
pacing sites were chosen on the basis of near real-time
electrical mapping, thus providing the best possible scenario
for reducing electrical asynchrony.
Clinical implications
This study holds 2 possible clinical implications. First, multi-
LV pacing appears to be effective in maximizing the
hemodynamic beneﬁt without requiring any optimization
of the pacing site. Also interesting is the potential effect in
preventing ventricular arrhythmias. Indeed, single-LV pac-
ing has been suspected to be proarrhythmic with an increase
in transmural heterogeneity of repolarization intrinsic to
ventricular myocardium.16 Sudden death may occur in
patients with heart failure even when implanted with an
ICD. Shock delivery has been proven to be associated with
death. Therefore, any strategy that prevents the occurrence of
ventricular arrhythmias is welcome.17
Multi-LV pacing is nowadays restricted to triventricular
pacing owing to technical limitations. The accumulation of
pacing leads has evident limitation transvenously as well as
pericardially. The current devices provide only 2 ventricular
ports; adding ports will drain the battery and capacity would
be too low to chronically supply more than 3 ventricular
exits. In the light of the foregoing results, research in the
development of dedicated materials may be considered. In
Figure 5 A: Percent increase in LVdP/dtmax versus baseline during single-, dual-, triple-, quadruple-, and septuple-LV pacing according to the hemodynamic
improvement provided by single-LV pacing (7 modalities for each dog; n ¼ 8). In blue: pooled data for the 2 best hemodynamic single-LV pacing (“best”; no
signiﬁcant differences between the different pacing conﬁgurations). In red: pooled data for the 2 worst hemodynamic single-LV pacing (“worst”; Po .001 for
differences among all pacing conﬁgurations). In green: pooled data for the 3 remaining single-LV pacing, thus providing intermediate results (“medium”; Po
.02 for differences among all pacing conﬁgurations). All values are presented as mean  standard error. *P r .05 for differences among the 3 groups (best,
medium, and worst) for the corresponding pacing conﬁguration. B: Corresponding percent decrease in LVTAT versus baseline during single-, dual-, triple-,
quadruple-, and septuple-LV pacing for the 3 groups (best, medium, and worst). All values are presented as mean  standard error. *P ¼ .01 for differences
among the 3 groups (best, medium, and worst) for the corresponding pacing conﬁguration. LV¼ left ventricular; LVTAT¼ left ventricular total activation time;
LVdP/dtmax ¼ maximum derivative of left ventricular pressure; single-LV ¼ single-site left ventricular.
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that respect, multielectrode leads and wireless pacing sys-
tems may offer potential advantages.
Experimental model and limitations
The present study was performed in the established model of
experimental LBBB in the canine heart. Even in the absence of
other heart disease, chronic LBBB leads to ventricular dilation
and asymmetric hypertrophy and decrease in LVdP/dtmax.
6
Results from this model have been shown to translate well to
the clinical situation.18 Our heart segmentation is a simpliﬁcation
of the 17-segment AHAmodel to allow proper discrimination of
the activation times of 7 electrodes.7 CRT was achieved by pure
LV pacing, which has been proven to be as effective as
biventricular pacing even at short AV delay.19,20 A pure
assessment of different LV pacing conﬁgurations was ensured
by using a short AV delay, which differs from the clinical
practice where fusion with the intrinsic activation is sought. RV
pacing was not considered because its participation to the LV
activation during biventricular pacing (through the septum) has
been found to be limited in dogs; therefore, the LV pacing
approach provides the most sensitive scenario to test the
hypothesis that reduction in electrical activation leads to
improvements in pump function.21 As previously described,
we observed a variation in the optimal pacing site between
dogs.13 One may hypothesize that (1) the level of the LBB
ablation was different between the dogs, with different degrees
of septal lesion; (2) the remodeling process induced by the LBB
ablation had individual variation; (3) the position of the atrial
(which could modify the AV delay) and ventricular leads may
have slightly varied, and (4) measurement variability could
account for this result.
A particular aspect of the present study was the strategy
aiming to deliver the best possible electrical resynchroniza-
tion by using near real-time electrical mapping for ﬁnding
the latest activated region at each step in the protocol.
Our results should be extrapolated to the human situation
with caution because most of the CRT candidates have
additional systolic impairment due to the underlying cardi-
omyopathy with possible areas of scar. We demonstrated a
reduction of the total epicardial DRep by multi-LV pacing
but the effect on the transmural DRep was not assessed.
Also, this study was conducted in isolated proximal LBBB
and results for other conduction defects are not warranted.
Finally, acute hemodynamic improvement may not predict
chronic outcome.22
Conclusions
In dogs with chronic LBBB, multi-LV pacing reduces
asynchrony of electrical activation and DRep compared to
single-LV pacing. Reduction in LVTAT is probably not the
mechanism by which multi-LV pacing improves the LV
hemodynamic since its effect was similar to that observed for
the best single-LV pacing site. Multi-LV pacing was
particularly effective in improving suboptimal combination
of pacing sites. Potential antiarrhythmic properties and
superiority in terms of LV reverse remodeling have to be
speciﬁcally investigated in long-term studies.
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Cardiac Resynchronization
Comparative Electromechanical and
Hemodynamic Effects of Left Ventricular and
Biventricular Pacing in Dyssynchronous Heart Failure
Electrical Resynchronization Versus Left–Right Ventricular Interaction
Joost Lumens, PHD,*y Sylvain Ploux, MD,*y Marc Strik, MD,y John Gorcsan III, MD,z
Hubert Cochet, MD,* Nicolas Derval, MD,* Maria Strom, PHD,x Charu Ramanathan, PHD,x
Philippe Ritter, MD,* Michel Haïssaguerre, MD,* Pierre Jaïs, MD,* Theo Arts, PHD,y
Tammo Delhaas, MD, PHD,y Frits W. Prinzen, PHD,y Pierre Bordachar, MD, PHD*
Bordeaux, France; Maastricht, the Netherlands; Pittsburgh, Pennsylvania; and Cleveland, Ohio
Objectives The purpose of this study was to enhance understanding of the working mechanism of cardiac resynchronization
therapy by comparing animal experimental, clinical, and computational data on the hemodynamic and
electromechanical consequences of left ventricular pacing (LVP) and biventricular pacing (BiVP).
Background It is unclear why LVP and BiVP have comparative positive effects on hemodynamic function of patients with
dyssynchronous heart failure.
Methods Hemodynamic response to LVP and BiVP (% change in maximal rate of left ventricular pressure rise [LVdP/dtmax])
was measured in 6 dogs and 24 patients with heart failure and left bundle branch block followed by computer
simulations of local myoﬁber mechanics during LVP and BiVP in the failing heart with left bundle branch block.
Pacing-induced changes of electrical activation were measured in dogs using contact mapping and in patients using
a noninvasive multielectrode electrocardiographic mapping technique.
Results LVP and BiVP similarly increased LVdP/dtmax in dogs and in patients, but only BiVP signiﬁcantly decreased electrical
dyssynchrony. In the simulations, LVP and BiVP increased total ventricular myoﬁber work to the same extent. While
the LVP-induced increase was entirely due to enhanced right ventricular (RV) myoﬁber work, the BiVP-induced
increase was due to enhanced myoﬁber work of both the left ventricle (LV) and RV. Overall, LVdP/dtmax correlated
better with total ventricular myoﬁber work than with LV or RV myoﬁber work alone.
Conclusions Animal experimental, clinical, and computational data support the similarity of hemodynamic response to LVP and
BiVP, despite differences in electrical dyssynchrony. The simulations provide the novel insight that, through
ventricular interaction, the RV myocardium importantly contributes to the improvement in LV pump function induced
by cardiac resynchronization therapy. (J Am Coll Cardiol 2013;62:2395–403) ª 2013 by the American College of
Cardiology Foundation
Cardiac resynchronization therapy (CRT) is an effective
treatment for patients with chronic heart failure (HF),
decreased left ventricular (LV) ejection fraction (35%),
and left bundle branch block (LBBB) (1,2). Its working
action is generally believed to originate from resynch-
ronization of the LV and right ventricular (RV) elec-
trical activation, achieved by biventricular pacing
(BiVP).
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Paradoxically, single-site left ven-
tricular pacing (LVP) has been
shown to be as beneﬁcial as BiVP
for LV systolic pump function in
acute hemodynamic studies (3–5),
in long-term follow-up studies
(6–8), and even in situations
where LVP is unlikely to result in
fusion of 2 activation wave fronts
induced by LVP and intrinsic
conduction (5,9). Therefore, the
question arises whether electrical
resynchronization is the primary
working mechanism underlying
the functional improvement
induced by CRT. It is well known
that ventricular pacing redistrib-
utes mechanical work in the LV
wall so that the region of latest
activation is associated with
highest mechanical work (10).
However, it is not known to what
extent ventricular pacing affects
mechanical work generated by the
RV myocardium. Because direct mechanical coupling of the
ventricles allows transmission of myocardial work between the
ventricles, we hypothesize that a pacing-induced increase of
RV myocardial work can beneﬁt LV pump function.
To test this hypothesis, we measured local electrical and
global hemodynamic function in an animal model of chronic
HF with LBBB and in CRT candidates during baseline
(LBBB), LVP, and BiVP. Furthermore, we used a computer
model of the human heart and circulation (11–13) to inves-
tigate the consequences of LVP and BiVP for local LV and
RV tissue mechanics. Together, these complementary data
provide novel insights in the working mechanism of CRT,
especially regarding the involvement of the RV myocardium
in its hemodynamic effect.
Methods
Animal experiments. Animal handling was performed
according to the Dutch Law on Animal Experimentation and
the European Directive for the Protection of Vertebrate
Animals used for Experimental andOther Scientiﬁc Purposes
(86/609/EU). The protocol was approved by the Experi-
mental Animal Committee of Maastricht University.
In 6 adult mongrel dogs (29  3 kg), LBBB was induced
by radiofrequency ablation and, subsequently, HF was in-
duced by 4 weeks of tachypacing (14). Continuous, invasive
hemodynamic and electrocardiographic measurements were
performed during right atrial pacing at approximately 10
beats/min above intrinsic heart rate (baseline) and during
atrial paced LVP and BiVP at the same heart rate and at
short atrioventricular (AV) delay, ensuring full ventricular
capture as noticed on the surface electrocardiogram. More
details of the experimental protocol are provided in Online
Appendix A.
Electrical activation maps were used to calculate 2
indexes of electrical dyssynchrony: total ventricular activa-
tion time (ATTOT) derived from all electrodes and LV
activation time derived from the septal and LV free wall
electrodes only (14).
Patient measurements. The execution of the study con-
formed to the principles outlined in the Declaration of
Helsinki on research in human subjects. The study protocol
was approved by the Medical Ethics Committee of CHU
Bordeaux. All patients granted their written approval to
participate in the study.
PATIENT POPULATION. The study included 24 consecutive
patients who fulﬁlled the following criteria: 1) New York
Heart Association functional class II, III, or IV, despite
optimal medical therapy; 2) LV ejection fraction 35%
during sinus rhythm; 3) QRS duration 120 ms; and 4)
LBBB morphology on the surface electrocardiogram.
Both QRS duration and LBBB morphology were deﬁned
according to the most recent American Heart Association/
American College of Cardiology Foundation/Heart Rhythm
Society recommendations (15). Etiology was considered
ischemic in the presence of signiﬁcant coronary artery disease
(50% stenosis in 1 or more of the major epicardial
coronary arteries), history of myocardial infarction, or prior
revascularization.
DEVICE IMPLANTATION, PACING PROTOCOL, AND ASSESSMENT
OF HEMODYNAMIC FUNCTION. All patients were implanted
with a CRT device with leads in the RV apex and in a lateral
or posterolateral branch of the coronary sinus. Within 72 h
after device implantation, a high-ﬁdelity pressure-recording
micromanometer (Radi Medical Systems, St. Jude Medical,
St. Paul, Minnesota) was introduced in the LV cavity. LV
pressure data were acquired (16) during baseline (AAI
mode; 10 beats/min above intrinsic heart rate) and during
atrial paced LV and biventricular stimulation (DDD
mode). The AV delay was set to the longest delay that did
not lead to fusion between electrical activation waves orig-
inating from intrinsic RV conduction and from the LV
pacing electrode during LVP. The same AV delay was used
during BiVP with simultaneous LV-RV stimulation.
Hemodynamic response was deﬁned as % change in
maximal rate of LV pressure rise (LVdP/dtmax) relative to
baseline.
NONINVASIVE ELECTROCARDIOGRAPHIC MAPPING. In a subset
of 10 patients, we used noninvasive, high-resolution electro-
cardiographic mapping (ECM) (CardioInsight Technologies
Inc., Cleveland, Ohio) to acquire ventricular epicardial acti-
vation maps during baseline, LVP, and BiVP (17,18) and to
See page 2404
Abbreviations
and Acronyms
ANOVA = analysis of
variance
ATTOT = total ventricular
activation time
AV = atrioventricular
BiVP = biventricular pacing
CRT = cardiac
resynchronization therapy
ECM = electrocardiographic
mapping
HF = heart failure
LBBB = left bundle branch
block
LV = left ventricle/
ventricular
LVdP/dtmax = % change in
maximal rate of left
ventricular pressure rise
LVP = left ventricular pacing
RV = right ventricle/
ventricular
RVdP/dtmax = % change in
maximal rate of right
ventricular pressure rise
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quantify electrical dyssynchrony (ATTOT and LV activation
time).
Simulations. The CircAdapt model of heart and circula-
tion (11,19) was used to quantify the acute effects of LVP
and BiVP on ventricular mechanics and hemodynamics of
the failing heart with LBBB. The model consists of modules
representing cardiac walls, cardiac valves, large blood vessels,
systemic and pulmonary peripheral vasculature, the pericar-
dium, and local cardiac myoﬁber mechanics (Online
Appendix B). It enables realistic beat-to-beat simulation of
cardiovascular mechanics and hemodynamics under a wide
variety of (patho-)physiological circumstances, including
ventricular mechanical dyssynchrony (12,13).
First, mechanics and hemodynamics of the normal
cardiovascular system with nonfailing myocardium and
synchronous activation of the ventricular walls were simu-
lated, as published previously (12,13). Second, a failing heart
with LBBB was simulated (Online Appendix C). Third,
LVP and BiVP were simulated so that they were in agree-
ment with the electrocardiographic mapping data obtained
in the patients and dogs, that is, LVP did not change
ATTOT (135 ms), whereas BiVP was assumed to reduce
ATTOT from 135 to 60 ms (Online Appendix C).
LOCAL VENTRICULAR MYOFIBER MECHANICS. Simulated time
courses of local Cauchy myoﬁber stress and natural strain
were used to quantify regional differences in mechanical
load and deformation of the myocardial tissue during
LBBB, LVP, and BiVP. Peak systolic myoﬁber stress and
external myoﬁber work were quantiﬁed as indexes of local
myocardial tissue load. External myoﬁber work, expressed in
joule per cardiac cycle (J/beat), was deﬁned as the area
enclosed by the stress-strain relation multiplied by tissue
volume of the myocardial segment, which equaled 8.5 ml for
each ventricular wall segment.
Statistical analysis. Values are presented as mean  SD for
continuous variables and as numbers and percentages for
discrete variables. Statistical analysis was performed with
the IBM SPSS Statistics 20 package for Windows (IBM
Corp., Armonk, New York). Assumptions on homogeneity
of variances and normality of residual distributions were
checked using Mauchly’s test of sphericity and Q-Q plots,
respectively. One-way repeated measures analysis of variance
(ANOVA) was used to test for signiﬁcant effects of LVP
and BiVP on baseline electrical and hemodynamic function
parameters. If the sphericity assumption appeared to be
violated, the Greenhouse-Geisser correction was used to
adjust degrees of freedom for the averaged results of
the ANOVA. If ANOVA showed signiﬁcance, pairwise
post-hoc analysis for differences between the 3 pacing
conditions (no pacing/LVP/BiVP) was performed using the
Fisher Least Signiﬁcant Difference method. A p
value <0.05 was considered statistically signiﬁcant for all
analyses.
Table 1 Electrical and Hemodynamic Data From Dogs With Chronic HF and LBBB (N ¼ 6) During Baseline, LVP, and BiVP
p Values
Baseline LVP BiVP ANOVA
Baseline
vs. LVP
Baseline
vs. BiVP
LVP
vs.
BiVP
QRS duration (ms) 122  10 132  26 115  15 0.098 d d d
Heart rate (beats/min) 134  11 133  10 133  10 0.368 d d d
ATTOT (ms) 95  16 106  22 84  13 0.008 0.160 0.002 0.022
ATLV (ms) 95  16 96  14 83  13 <0.001 0.701 0.001 0.003
LV stroke volume (ml) 15  5 17  11 18  7 0.428 d d d
LV pump stroke work (ml  mm Hg) 1,022  503 1,245  883 1,230  499 0.256 d d d
LV peak systolic pressure (mm Hg) 77  11 79  10 79  10 0.105 d d d
LVdP/dtmax (mm Hg/s) 853  99 1,023  158 1,005  127 0.034 0.038 0.035 0.295
LV end-diastolic pressure (mm Hg) 20  13 19  14 21  15 0.279 d d d
LV end-diastolic volume (ml) 128  37 124  36 127  35 0.223 d d d
RV peak systolic pressure (mm Hg) 32  12 29  11 31  11 0.015 0.026 0.155 0.053
RVdP/dtmax (mm Hg/s) 442  140 411  146 463  118 0.050 0.136 0.290 0.043
RV end-diastolic pressure (mm Hg) 8  6 8  4 9  7 0.894 d d d
Values are mean  SD.
ATLV ¼ left ventricular electrical activation time (including septum and left ventricular free wall); ATTOT ¼ total ventricular electrical activation time (including septum, left ventricular free wall, and right
ventricular free wall); BiVP ¼ biventricular pacing; dP/dtmax¼maximal rate of pressure rise; HF¼ heart failure; LBBB ¼ left bundle branch block; LV ¼ left ventricular; LVP ¼ left ventricular pacing; RV ¼ right
ventricular.
Table 2 Baseline Patient Characteristics
All Patients
(n ¼ 24)
ECM Subgroup
(n ¼ 10)
Age (yrs) 66  12 66  12
Male sex 17 (71%) 8 (80%)
NYHA functional class
II 7 (29%) 4 (40%)
III 17 (71%) 6 (60%)
Ischemic etiology 8 (33%) 3 (30%)
QRS duration (ms) 164  22 162  24
PR interval (ms) 213  30 225  37
LV ejection fraction (%) 27  3 26  5
Values are mean  SD or n (%).
ECM ¼ electrocardiographic mapping; LV ¼ left ventricular; NYHA ¼ New York Heart Association.
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Results
Dogs and patients. Baseline conditions of dogs and
patients are presented in Tables 1 and 2, respectively. Paced
AV delay was relatively short compared with the PR interval
in dogs (86  26 ms vs. 141  40 ms, respectively) as well as
in patients (106  19 ms vs. 213  30 ms).
LVP AND BIVP SIMILARLY IMPROVE SYSTOLIC LV FUNCTION. Both
LVP and BiVP similarly increased LVdP/dtmax compared
with baseline in dogs (LVP vs. BiVP; 21  19% vs.
19  17%; p ¼ 0.33) (Table 1) and patients (16  13% vs.
16  11%; p ¼ 0.95) (Table 3). Animal experimental data
showed a trend toward increased LV stroke volume, pump
stroke work, and systolic peak pressure during LVP and
BiVP as compared with baseline, while LV end-diastolic
volume and pressure remained unchanged (Table 1). In
contrast, RV systolic peak pressure and maximal rate of
right ventricular pressure rise (RVdP/dtmax) were decreased
during LVP as compared with baseline and BiVP.
BIVP, BUT NOT LVP, REDUCES ELECTRICAL DYSSYNCHRONY.
Ventricular electrical activation maps of dogs and patients
revealed the same characteristics (Fig. 1): during baseline,
a classical LBBB pattern of electrical activation starting at
the lateral RV free wall and gradually spreading towards the
lateral LV free wall; during LVP, a mirrored LV-to-RV
pattern of epicardial activation; and during BiVP, 2
fusing wave fronts of activation originating from the LV
and RV pacing sites. In addition, the canine data showed
that the septum is activated in an RV-to-LV transmural
direction during baseline and BiVP and in an LV-to-RV
direction during LVP. Compared with baseline, BiVP
signiﬁcantly reduced electrical dyssynchrony in dogs and in
patients (Fig. 2), whereas LVP did not. In the dogs, acti-
vation times were signiﬁcantly shorter during BiVP than
during LVP (Table 1). In the patients, only ATTOT was
signiﬁcantly shorter during BiVP than during LVP
(Table 3).
Simulations. The model simulations also showed that LVP
and BiVP similarly increased LVdP/dtmax by 15% (Table 4),
despite the longer ventricular activation time during LVP.
As in the dogs, both pacing strategies increased LV stroke
volume, pump stroke work, and systolic peak pressure
(Table 4), and LVP decreased RVdP/dtmax compared with
baseline. In addition, simulations revealed that both LVP
and BiVP increased RV pump stroke work by 16%.
Table 3 Electrical and Hemodynamic Patient Data During Baseline, LVP, and BiVP
p Values
Baseline LVP BiVP ANOVA
Baseline
vs. LVP
Baseline
vs. BiVP
LVP
vs. BiVP
All patients (N ¼ 24)
LVdP/dtmax (mmHg/s) 728  221 844  281 838  250 <0.001 <0.001 <0.001 0.687
ECM subgroup (n¼10)
LVdP/dtmax (mm Hg/s) 737  204 827  251 822  238 <0.001 0.006 0.001 0.666
ATTOT (ms) 130  12 131  26 96  14 0.004 0.915 0.001 0.014
ATLV (ms) 112  26 105  15 89  18 0.099 d d d
Values are mean  SD.
Abbreviations as in Tables 1 and 2.
Figure 1
Electrocardiographic Mapping in a Dog and a Patient
With Nonischemic Heart Failure and LBBB
Isochronal maps show the timing of electrical activation during baseline, left
ventricular pacing (LVP), and biventricular pacing (BiVP). Black arrows indicate the
left anterior descending coronary artery (LAD). The gray section in the posterior-
anterior (PA) view represents the segmentation of the mitral oriﬁce. Red asterisks
indicate pacing sites. AP ¼ anterior-posterior; LAO ¼ left anterior oblique; LBBB ¼
left bundle branch block; LV ¼ left ventricular; RV ¼ right ventricular.
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LVP AND BIVP DIFFERENTLY AFFECT LOCAL VENTRICULAR
MYOFIBER MECHANICS. Pronounced local differences are
present in the pattern and amplitude of myoﬁber strain
during baseline (LBBB), LVP, and BiVP (Fig. 3). Early-
activated segments are characterized by rapid onset of
systolic myoﬁber shortening followed by rebound stretch
and, in some cases, a second phase of shortening at the end
of systole. In late-activated regions, early-systolic stretch is
followed by pronounced systolic myoﬁber shortening.
The regional differences in strain patterns translated into
differences in local mechanical tissue load (Fig. 3: color
maps). In the LBBB simulation, most mechanical myoﬁber
work was generated by the LV free wall segments, where-
as the RV free wall and septal segments generated little
mechanical work or even dissipated mechanical work, as
evidenced by the clockwise stress-strain relations (Fig. 3).
Compared with LBBB, LVP reallocated mechanical work
from the LV free wall to the septum, resulting in a spatially
mirrored but equally dispersed distribution of mechanical
work over the LV myocardium. BiVP was associated with
less early-systolic myoﬁber stretch and shortening and
a more homogeneous distribution of myoﬁber work than
LVP (Fig. 3). In contrast, LV peak systolic myoﬁber stress
was more homogeneously distributed during LVP, whereas
the average values did not differ between LVP and BiVP
(92  7 kPa and 92  13 kPa, respectively).
LBBB and LVP were associated with a comparable net
amount of mechanical myoﬁber work generated by the LV
myocardium (Fig. 4). The RV myocardium, however,
generated more work during LVP than during LBBB. As
a result, LVP acutely increased total ventricular myoﬁber
work by 25%. BiVP resulted in a similar increase of total
myoﬁber work (23%) as LVP, but now due to an increase of
both LV and RV myoﬁber work.
VENTRICULAR INTERACTION: CONTRIBUTION OF RV MYOCARDIUM
TO LV PUMP FUNCTION. A more precise study on the role of
left–right ventricular interaction on hemodynamic response
to pacing therapy was performed by simulating LVP and
BiVP with 5 different AV delays (60/80/100/120/140 ms)
as well as 5 different velocities of activation, which resulted
in a range of values for ATTOT (24/36/48/60/72 ms during
BiVP and 54/81/108/135/162 ms during LVP). For the
resulting 50 simulations, Figure 5 shows the relationship
between ventricular myoﬁber work and LVdP/dtmax. The
left panel indicates that total ventricular myoﬁber work
increased linearly with LVdP/dtmax and that this linear
relationship was virtually independent of the pacing mode.
However, LVP and BiVP behaved differently when
considering LV and RV myoﬁber work separately (Fig. 5,
middle and right panel, respectively). While LVP and BiVP
Figure 2
Pacing-Induced Changes of Electrical Dyssynchrony
in Dogs and Patients
(A) Change of total ventricular activation time (ATTOT) (LV þ RV free
walls þ septum in dogs; LV þ RV free walls in patients). (B) Change of
LV activation time (ATLV) (LV free wall þ septum in dogs; only LV free wall
in patients). *p < 0.05 versus baseline. Abbreviations as in Figure 1.
Table 4
Electrical and Hemodynamic Data Derived From
Computer Simulations of a Failing Heart During
LBBB, LVP, and BiVP
LBBB LVP BiVP
Heart rate (beats/min) 80 80 80
AV delay (ms) 220 100 100
ATTOT (ms) 135 135 60
ATLV (ms) 120 120 60
LV stroke volume (ml) 53 61 62
LV pump stroke work (ml  mm Hg) 4,911 6,289 6363
LV peak systolic pressure (mm Hg) 113 128 127
LVdP/dtmax (mm Hg/s) 710 815 818
LV end-diastolic pressure (mm Hg) 19 24 25
LV ejection fraction (%) 23 25 25
RV pump stroke work (ml  mm Hg) 1,641 1,913 1,906
RV peak systolic pressure (mm Hg) 36 36 36
RVdP/dtmax (mm Hg/s) 328 270 290
RV end-diastolic pressure (mm Hg) 5 5 6
Abbreviations as in Table 1.
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can lead to the same total ventricular myoﬁber work and
LVdP/dtmax, their distribution of myoﬁber work over the
LV and RV myocardium is rather different. During BiVP,
the relative contribution of the RV myocardium to total
ventricular myoﬁber work was rather constant and ranged
from 22% to 24%. This contribution was considerably more
variable during LVP, and increased from 28% in the
simulation with highest conduction velocity to 38% in that
with lowest. Overall, these simulation data highlight the
important role of the RV myocardium as a contributor to
LV pump function during LVP and, thus, the importance
of ventricular interaction during CRT.
Discussion
In the present study, we demonstrate that LVP and BiVP
improve the systolic function of the dyssynchronous failing
heart to a similar extent, both in experimental animals and in
patients. With state-of-the-art techniques for electrical
mapping, we showed in patients that pacing-induced hemo-
dynamic improvement can occur without electrical resynch-
ronization. These ﬁndings are corroborated by computer
simulations, which showed that both pacing strategies
increase total ventricular myoﬁber work to a similar extent, yet
differently redistribute myoﬁber load over the LV and RV
myocardium. Overall, LV systolic function correlates better
with total ventricular myoﬁber work rather than with LV or
RV myoﬁber work alone. These data provide the novel
insight that left–right ventricular interaction is an important
determinant of the hemodynamic effect of pacing therapy in
dyssynchronous HF.
RV mechanical work: the missing link in the explanation
for similarity of response to LVP and BiVP? Our ﬁnding
that LVP and BiVP improve LV systolic function to the
same extent corroborates previously published data on acute
hemodynamic response (3,4) and on long-term clinical
response and reverse remodeling (6–8). In addition, the
present study provides a potential mechanism underlying
these observations.
It is known that contractile harmony is substantially
disturbed in patients with LBBB or pacing-induced electrical
dyssynchrony and that this contractile discordance compro-
mises cardiac pump function. Regional differences in the
systolic deformation pattern are related to local differences in
Figure 3 Simulated Local Myoﬁber Mechanics in a Failing Heart During LBBB and Pacing
Time courses of natural myoﬁber strain are plotted in black. Red asterisks indicate pacing sites. Vertical dashed lines indicate moment of mitral valve closure, and LV ejection
is highlighted in gray. Black circles indicate onset of systolic shortening. Relations between myoﬁber stress and myoﬁber strain are plotted in blue. Black arrows indicate
segments with a clockwise stress-strain relation, indicating negative myoﬁber work. Color maps indicate myoﬁber work per ventricular wall segment. Abbreviations as in Figure 1.
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sarcomere length and, consequently, myoﬁber contractile
force (20) and work load (10). The simulations are in close
agreement with experimental ﬁndings demonstrating that
mechanical myoﬁber work is small or even negative in regions
close to the pacing site and large in regions remote from the
pacing site (10). So far, these insights remained limited to the
LV wall. Our simulations show that the RV myocardium
contributes signiﬁcantly to the improvement of LV pump
function in pacing therapies, especially LVP.While it may be
intuitive that BiVP improves LV pump function by
increasing LV myoﬁber work, it may be less intuitive that
LVP similarly improves LV systolic pump function by
exclusively increasing the amount of mechanical work
generated by the RV myocardium. These ﬁndings emphasize
the importance of ventricular interaction, that is, the property
that the RV myocardium contributes to LV systolic pump
function and vice versa.
Simulations of LVP and BiVP in hearts with different
conduction velocities (Fig. 5) revealed that, during LVP, the
relative contribution of RV myoﬁber work to total ventric-
ular myoﬁber work increased with total ventricular activation
time, whereas it stayed constant during BiVP. These
simulation data suggest that LVP is less effective than BiVP
in patients with slow intramyocardial conduction, with di-
minished RV contractile function, or in whom mechanical
ventricular interaction is being impeded.
While indirect hemodynamic interaction results from the
series coupling of the ventricles via the pulmonary and
systemic circulations, direct mechanical interaction is due
to the anatomical coupling via the interventricular septum
and the surrounding pericardium (21). Because our animal
experiments show no direct effect of LVP on indexes of
LV ﬁlling, such as LV end-diastolic pressure and volume
(Table 1), the positive effect of LVP on LV systolic pump
function most probably results from direct mechanical
interaction. Furthermore, the decreased values of RV
systolic pressure and RVdP/dtmax with LVP suggest that
the extra amount of mechanical work generated by the RV
myocardium is largely converted into LV pump work
through direct mechanical interaction.
Clinical implications and future perspectives. The
demonstration that, during CRT, the RV myocardium
can contribute to LV pump function and that this contri-
bution differs between LVP and BiVP may explain why
some patients respond better to LVP and others to BiVP,
as demonstrated in the GREATER-EARTH (Evaluation of
Resynchronization Therapy for Heart Failure in patients with
a QRS duration >120 ms) study (6). We hypothesize that
local differences in myocardial contractility (e.g., due to
infarction, hibernation, and so on) determine a patient’s
response to LVP and BiVP in a way that hemodynamic
improvement is compromised when the region with impaired
contractile function coincides with the location of latest acti-
vation and, hence, highest mechanical load. Although exper-
imental data point in this direction (22), it remains to be
conﬁrmed with prospective clinical studies.
Many studies demonstrated the acute deleterious effect of
RV pacing on LV systolic function in terms of LVdP/dtmax
(3,4). Similarly, our experimental and simulation data
revealed that LVP acutely decreased RVdP/dtmax (Tables 1
and 4). Our simulations, however, additionally showed
that RV pump stroke work was increased during both LVP
and BiVP (Table 4). Therefore, it is questionable whether
the pacing-induced decrease of RVdP/dtmax should be
considered a sign of acute RV systolic impairment. Our
simulations also showed that LVP increased mechanical
myoﬁber work of the RV myocardial tissue by more than
100% (Fig. 4). Whether this acute LVP-induced increase of
RV tissue load translates into compensatory RV remodel-
ing and eventually RV decompensation and failure remains
unknown and should be subject of future research.
Study limitations. In the present study, we evaluated the
acute hemodynamic effect of CRT. Whether the observed
acute hemodynamic improvements will evolve in chronic
response to CRT, in terms of hard clinical endpoints or
reverse remodeling, is unclear and should be the subject of
future research.
In dogs and patients, LVP and BiVP were applied with
atrial pacing at a short AV delay to ensure a constant heart
rate and the absence of fusion between electrical activation
waves originating from intrinsic conduction and from pacing
electrode(s). These conditions have been chosen to clearly
Figure 4
Distribution of Ventricular Myoﬁber Work During
LBBB and Pacing
Total ventricular myoﬁber work generated per cardiac cycle; percentages indicate
the relative contributions of the LV and RV myocardium. LV myocardium includes
the interventricular septum and the LV free wall. Abbreviations as in Figure 1.
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show the proof of principle that a pacing-induced hemo-
dynamic beneﬁt can be obtained in the absence of fusion in
the case of LVP. Hence, our study is conceptually different
from a previous study showing noninferiority of fusion-
synchronized LVP compared with conventional simulta-
neous BiVP (23). We acknowledge that the AV delays used
in our study may not have been the ones leading to optimal
LV ﬁlling or systolic function. In a previous acute he-
modynamic study (3), however, maximal aortic systolic or
pulse pressure was observed at an AV delay of approxi-
mately 0.5  (PR interval  30 ms) for both LVP and BiVP.
Applying this formula to our patient data, we obtained a pre-
dicted optimal AV delay of 92  15 ms, which is close to the
AV delay programmed in this study (106  19 ms).
Furthermore, the average paced AV delay in the patients
was in good agreement with the value reported by
Thibault et al. (6) in the GREATER-EARTH study
(101  16 ms), a study that also compared the effectiveness
of LVP and BiVP in a conventional CRT population.
The multimodality of our study approach may have
complicated interpretation of the results. At the same time,
however, the consistency of the hemodynamic and electro-
cardiographic response to LVP and BiVP in animals,
patients, and simulations provides ﬁrm evidence that elec-
trical resynchronization is not always required for pacing
therapy to improve systolic cardiac pump function. The
invasive ECM data obtained in the dogs served as a control
technique for our clinical ECM data, which was obtained by
noninvasive indirect mapping of epicardial electrical activa-
tion. The animal experimental protocol also included
measurement of RV pressure data. These data enabled
evaluation of the effects of LVP and BiVP on RV systolic
function. The simulation data for RV function showed good
agreement with the experimental data, that is, LVP was
associated with lower RVdP/dtmax than BiVP.
The computational model used in this study inherently
provides a simpliﬁed representation of an average patient’s
failing heart with LBBB. Therefore, the conclusions drawn
from these data should be interpreted with care. However,
many model predictions agreed with measurements in
patients and experimental animals. Moreover, the simpliﬁ-
cations allowed a transparent view on complex fundamental
mechanisms, which are hard to assess in experimental or
clinical settings.
Conclusions
LVP and BiVP improve LV hemodynamic function to the
same extent, despite substantial differences in electrical
dyssynchrony. Both pacing strategies similarly increase total
ventricular myoﬁber work, which is tightly linked with LV
pump function. Our simulations show that CRT can
improve LV systolic function by mechanical recruitment of
the RV myocardium.
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Positive hemodynamic and clinical response to tri–left
ventricular pacing in a nonresponder to traditional cardiac
resynchronization therapy
Sylvain Ploux, MD, Laurent Barandon, MD, PhD, Philippe Ritter, MD, Pierre Bordachar, MD
From Bordeaux University 2 and University Medical Center of Bordeaux, Bordeaux, France.
Multisite left ventricular (LV) pacing is technically chal-
lenging, but may result in clinical improvement in patients
who do not derive hemodynamic benefit from traditional
biventricular pacing.1,2 We present the case of a patient who
had an implantable cardioverter-defibrillator (ICD) im-
planted, with 3 epicardial LV leads, in addition to an epi-
cardially placed ICD lead.
A 65-year-old man with severe idiopathic cardiomyopa-
thy was referred to our center after his biventricular ICD
became infected. Eight years before this admission he had a
dual-chamber ICD implanted from the right side after an
episode of sustained ventricular tachycardia. The right-
sided system was extracted 6 years later because of lead
endocarditis. He subsequently had a biventricular ICD im-
planted from the other (left) side because he had symptom-
atic heart failure (New York Heart Association class III), an
LV ejection fraction of 25%, complete left bundle branch
block, and first-degree atrioventricular block. The LV lead
was positioned in a posterolateral vein. He did not gain any
symptomatic or echocardiographic improvement in LV
function after this procedure, but did receive an appropriate
ICD shock during an episode of ventricular tachycardia. He
was referred to our center because he developed a second
episode of lead endocarditis. Transesophageal echocardiog-
raphy demonstrated presence of a vegetation on the RV
lead.
This raised a challenging clinical question of how to
approach the further management of this patient who had
received appropriate shocks for ventricular tachycardia, but
had developed infection of his ICD lead on 2 occasions.
He had severe heart failure and left bundle branch block, but
had not noticed a clinical improvement with conventional
cardiac resynchronization therapy (CRT). The options for
venous access were limited given the previous right- and
left-side implantations. Venography on the left side demon-
strated a subclavian vein stenosis.
We proceeded with complete system extraction using the
Excimer Laser sheath (Spectranetics, Colorado Springs,
Colorado) for the lead extractions. A sternotomy was then
performed, and a double-coil ICD lead was directly sutured
to the myocardium. The proximal coil was attached to the
lateral wall of the right ventricle (RV), and the distal coil
was secured to the lateral LV wall (Fig. 1A). No RV site
was associated with an adequate sensing threshold. Three
LV epicardial leads were then positioned on the posterolat-
eral (LV1), lateral (LV2), and anterior (LV3) walls, respec-
tively. These positions were chosen because they resulted in
good spatial separation of the leads across the LV. The
sensing and pacing thresholds were acceptable with the
leads in this position. One LV lead was connected to the RV
port, and the other 2 LV leads were attached to the LV port
with the use of a Y connector.
Ventricular fibrillation was induced; this was appro-
priately detected, and the device delivered a successful
10-J shock. Figure 1B shows the X-ray positions of
the ICD and 3 LV pacing leads. Three days after implan-
tation, a Radi pressure wire (St. Jude Medical) was po-
sitioned inside the LV cavity via the radial artery to
invasively measure the LV dP/dtmax. We compared he-
modynamic measurement during LV1 pacing, LV2 pac-
ing, LV3 pacing, and tri-ventricular pacing (LV1  LV2 
LV3 pacing) with 5 atrioventricular sensed delays (80,
100, 120, 150, and 180 ms). None of the possible con-
figurations of mono-LV pacing was associated with he-
modynamic improvement compared to baseline. In con-
trast, tri-ventricular pacing was associated with important
hemodynamic improvement compared to baseline (920
vs. 1,104 mm Hg/s). Electrocardiographic imaging was
carried out using the Cardioinsight system during base-
line, LV pacing, and tri-LV pacing.3 At baseline, we
observed the typical activation pattern associated with
left bundle branch block (Fig. 2). There was early acti-
vation at the level of the anterior RV wall and late
activation at the level of the LV apex and the posterolat-
eral LV wall. During LV1 pacing (posterolateral lead),
fusion with intrinsic activation was precluded by the
first-degree atrioventricular block. The activation was
KEYWORDS Cardiac resynchronization therapy; Nonresponse; Surgery
ABBREVIATIONS CRT  cardiac resynchronization therapy; ICD 
implantable cardioverter-defibrillator; LV  left ventricle/ventricular;
RV  right ventricle/ventricular (Heart Rhythm 2011;8:315–317)
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Figure 1 A: Distal coil was secured to the lateral LV wall. B: The X-ray positions of the ICD and 3 LV pacing leads. ICD  implantable cardioverter
defibrillator; LV  left ventricle.
Figure 2 Typical activation pattern associated with left bundle branch block.
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reversed with clear early activation at the level of the
pacing lead but with areas of late activation at the level
of the LV apex, LV anterior wall, and RV cavity. During
tri-LV pacing, the spread of activation could be seen to
initiate from each of the pacing leads and no areas of late
activation in the LV cavity were detected. There was a
significant reduction in electrical LV dyssynchrony. The
total LV activation time was not reduced during LV1
pacing (134 ms) compared with baseline (141 ms), but
was markedly reduced during tri-LV pacing (86 ms). After 10
months of tri-LV pacing, the patient noticed a clear reduction
in his heart failure symptoms. His New York Heart Associa-
tion class improved from III to II. He was considered as an
echocardiographic responder with a 17% decrease in end-
systolic LV volume (from 142 to 118 ml).
Different small studies have demonstrated a potential
interest of implanting 2 LV leads.1,4 This case report sug-
gests that in patients with a poor response to traditional
(single LV lead) biventricular pacing, multi-LV pacing may
provide a solution. When transvenous options are limited,
direct suture of an ICD lead to the myocardium is a feasible
alternative.
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Abstract Cardiac resynchronization therapy (CRT) is an
established treatment for patients with moderate-to-severe
heart failure and a wide QRS complex. However, the
amount of reverse remodeling and clinical improvement is
highly variable and poorly predictable. The left ventricular
pacing site is of critical importance for the CRT response but
is often imposed by the coronary sinus anatomical con-
straints and may result in suboptimal resynchronization.
Alternative pacing sites, such as endocardial LV pacing or
multisite pacing, have been proposed to improve CRT response
rates and may be considered in nonresponders to standard
resynchronization. However, adequately powered randomized
studies are required to determine whether these pacing strate-
gies result in improved outcome.
Keywords Cardiac resynchronization therapy . Heart
failure . Endocardial pacing . Nonresponse
Introduction
Cardiac resynchronization therapy (CRT) is an established
treatment for patients with symptomatic heart failure, severely
impaired left ventricular (LV) function, and conduction disor-
ders [1, 2]. Large randomized trials have demonstrated that
CRT improves quality of life, symptoms, and reduces heart
failure related hospitalizations as well as mortality. However,
about 30% of patients implanted with a single LV lead posi-
tioned via the coronary sinus (CS) appear not to respond to
CRT. To improve response rate, most attention has been
focused on the criteria for patient selection and subsequent
optimization of the device settings. However, these strategies
have produced mixed results and there have been renewed
efforts aimed at optimizing therapy delivery. In that perspec-
tive, two new pacing strategies have been proposed to im-
prove CRT response: LVendocardial stimulation and multisite
epicardial pacing. In this review, we discuss the rationale, the
related technical issues, the potential benefits and the disad-
vantages of these two promising concepts.
Left Ventricular Endocardial Pacing
Rationale
Endocardial LV pacing appears to provide a more physio-
logical electrical activation of the left ventricle, with the
activation spreading from the endocardium to the epicardi-
um. Potentially, this may lower the risk of pacing-induced
ventricular arrhythmia. Compared with endocardial pacing,
epicardial stimulation increases the transmural dispersion of
repolarization and therefore increases susceptibility to re-
entrant arrhythmias [3, 4].
LV endocardial stimulation allows greater choice of the
pacing site (including the LV septum) with possibility to
screen different pacing locations in an attempt to determine
the position which results in the greatest improvement in
cardiac function. Additional benefits of the endocardial ap-
proach may include a better capture threshold and a lower
frequency of phrenic nerve stimulation, compared with CS
stimulation [5].
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Technical Aspects
Transseptal Approach
The placement of a transseptal LV lead requires the puncture
of the interatrial septum to allow the passage of the lead
before entering the LV through the mitral valve. Jaïs et al.
described, in 1998, the first case of permanent transseptal
LV stimulation using a mixed right internal jugular and
femoral approach [6]. With the development of dedicated
tools, it is becoming increasingly feasible to use a purely
superior approach. The transseptal puncture is performed
from the superior vena cava using a deflectable sheath to
reach the interatrial septum. A guide wire is advanced to the
fossa ovalis and radiofrequency energy is applied to allow
passage of the wire into the left atrium. The lead is then
passed into the LV and positioned through a dedicated inner
sheath. The results published regarding the success and
complication rates are encouraging [7–10].
A number of potential limitations need to be considered.
(1) The risk of thrombus formation on the lead is a major
concern with LV endocardial leads. Even small emboli may
cause major systemic complications including stroke. The
relatively small number of patients who were implanted
with an endocardial LV lead received heparin during the
procedure and systemic anticoagulation therapy in the long
term. This seems to be essential as three cases of thrombo-
embolic event have been reported after improper anticoagu-
lation [8, 11, 12]. (2) An LV lead implanted through the
interatrial septum crosses the mitral valve and may increase
the risk of regurgitation and endocarditis. Though, to date,
the few studies performed have not demonstrated an increase
in the grade of mitral regurgitation. (3) Finally, considering the
risk of systemic embolization, percutaneous lead extraction in
the case of lead infection would be too risky and surgical
intervention is likely to be preferred.
Transapical Approach
Hungarian investigators have recently described transapical
LV endocardial stimulation through a limited thoracotomy
[13]. This strategy shares the same risks as the transseptal
approach except for the mitral valve regurgitation. The long
term safety and efficacy are still unknown.
Leadless Systems
Leadless pacing may considerably change the reluctance of
the physicians to perform LV endocardial pacing. Whatever
the technology used, the endocardial electrode would reduce
or suppress the risks of thromboembolic complications and
the complications associated with the interaction between
the lead and the mitral valve [14, 15].
Evidences
Recent animal studies showed a highly significant superiority
of LV endocardial pacing compared with epicardial stimula-
tion [16–18]. In eight dogs with acute LBBB, van Deursen et
al. compared the hemodynamic and electrophysiological
effects of endocardial LV pacing with epicardial LV pacing
at eight different sites. (1) LV endocardial pacing was associ-
ated with a significant decrease in LV total activation time as
compared to LV epicardial pacing. (2) Biventricular pacing
with LVendocardial stimulation also decreased the dispersion
of repolarization. This suggests that endocardial stimulation is
more physiological and may be less arrhythmogenic than
conventional CRT. (3) In addition, endocardial pacing in-
creased the benefit on LVdP/dtmax and stroke work by 90%
and 50%, respectively, when compared to epicardial pacing at
the same site.
Using a similar protocol, Strik et al. compared endocardial
biventricular pacing and epicardial biventricular pacing in
dogswith acute LBBB, in dogswith chronic LBBB associated
with myocardial infarction, and in dogs with chronic LBBB
and tachy-pacing-induced heart failure. They demonstrated
unequivocally the superiority of endocardial over epicardial
stimulation on hemodynamic measurements and on the de-
crease in LV activation time. The electric resynchronization
was greater in hearts with concentric (ischemic model) than
with eccentric remodeling (dilated cardiomyopathy) [17].
We have recently presented the results of an acute hemo-
dynamic study of endocardial pacing in patients with heart
failure [19]. In 35 patients with non-isschemic cardiomyop-
athy, we have compared the hemodynamic effect of 10
endocardial and one epicardial pacing sites. The optimal
endocardial pacing site allowed a doubling of the hemody-
namic (dP/dtmax) benefits compared with the standard epi-
cardial stimulation of the LV free wall. It is noteworthy that
the comparison between epicardial and endocardial stimu-
lation at the same site did not show any significant differ-
ence in dP/dtmax. Similar observations were made by
Spragg et al. in 11 ischemic heart failure patients suggesting
that the maximal enhanced response seen with endocardial
stimulation (compared to a conventional lateral epicardial
site) was more likely to be due to accessing ideal LV pacing
sites rather than to endocardial stimulation per se [20].
Comparing endocardial LV pacing at four different sites
and epicardial LV pacing in a lateral tributary of the coronary
sinus, Ginks et al. found in 15 heart failure patients that the
best LVendocardial site provided a higher improvement in dP/
dtmax than the coronary sinus site while the left ventricular
endocardial activation time did not change between the two
pacing configurations [21].
Currently, there are few studies with longer-term follow up.
Garrigue et al. compared 15 heart failure patients implanted
with a conventional CRT system with eight patients stimulated
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with transseptal LV leads [22]. At 6 months, patients implanted
with a LV endocardial lead showed less ventricular dyssyn-
chrony, greater LV shortening fraction and a higher mitral
velocity-time integral.
In conclusion, endocardial LV pacing may be a promis-
ing alternative to lower the proportion of nonresponders to
epicardial LV resynchronization. The implementation of en-
docardial stimulation will ultimately depend on (1) the devel-
opment of (a) an instrumentation that is safe and effective on
the long term and (b) reliable and reproducible methods to
identify the optimal site of stimulation during the procedure,
and (2) the completion of controlled trials confirming the
superiority of this technique compared to standard CRT.
Multisite Pacing
Rationale
The potential benefit of a multiventricular pacing approach
may involve two different mechanisms. First, by increasing
the number of pacing sites, the probability of reaching a more
efficient site may be increased. Endocardial mapping studies
confirm that the substrate which we seek to treat with CRT is
diverse, complex, and displays significant interpatient varia-
tion [21, 23, 24]. Changing left ventricular pacing site has
been shown to influence the ventricular activation sequence
and the hemodynamic response. Ventricular activation is de-
pendent on multiple factors including proximity to scar and
areas of slow conduction, etiology of heart failure, and con-
duction system disease [25–27]. Secondly, one can hypothe-
size that more spots of activation will provide a faster and
more physiological LVactivation (Fig. 1) [28, 29].
Technical Aspects
Multiventricular pacing can be achieved by the addition of
one or two ventricular leads (RVor LV) to a traditional CRT
system (RV+LV). In the Triple Resynchronization in Paced
Heart Failure Patients (TRIP-HF) study, the success rate of
implantation of two LV leads was 85% with a mean duration
of implant procedure of 2.03±0.97 h. During the 9 months
of follow-up, five of 34 patients had phrenic nerve stimulation,
four required lead repositioning, and two patients underwent
explantation due to infection suggesting a quite high level of
complications [30].
Instead of using two or more different leads, it would be
technically easier to pace from two or more electrodes inline on
the same epicardial LV lead. A quadripolar pacing lead has been
developed to provide delivery of pacing stimuli using any of the
four electrodes as the cathode with the RVring as the anode. It is
also possible to provide bi-LV pacing using two different LV
electrodes at the same time [31]. Concerning the question of the
potential interest of this lead to improve the response after CRT,
the major question is to compare the respective impact of bi-left
ventricular pacing with the two electrodes in the same vein or
with the two electrodes in different veins.
Surgical epicardial LV lead implantation has also been
proposed to increase the number of pacing sites. This can be
achieved via left anterior or lateral minithoracotomy, video-
assisted thoracoscopy, and robotically enhanced telemanipu-
lation systems [32].
Whatever the operative strategy, the number of pacing
sites is limited by the currently available pacemaker which
can only provide three pacing channels (Atrial, RV, LV).
Two leads can be connected to the same port using a parallel
Y-connector with a drop in impedance and an increase in
power consumption. So far, there have been no reports of
multisite endocardial LV pacing; a leadless pacing system
would be preferably for that purpose.
Evidence
Multi RV Pacing
Yoshida et al. described the case of a patient who did not
respond after traditional CRT but who did improve after the
implantation of a second RV lead positioned in the outflow tract
[33]. In a larger study, they observed a significant improvement
in acute dP/dtmax and cardiac output as well as an improve-
ment in dyssynchrony comparing in 21 heart failure patients
traditional biventricular pacing and triventricular pacing (one
LV lead and two RV leads) [34]. The largest hemodynamic
improvement provided by triventricular pacing was observed
in patients with a large LVend-diastolic volume [35].
Multisite LV Pacing
Implanting a second LV lead has been reported to improve
the hemodynamic and/or the outcome of nonresponders to
Fig. 1 Electrocardiographic imaging maps (epicardial non-invasive map-
ping) during spontaneous rhythm, biventricular and triventricular pacing in
a patient with left bundle branch block implanted with two LV leads. In
sinus rhythm, the latest activation is observed at the LV lateral wall. During
biventricular pacing, this region is activated by a wavefront propagating
from the midlateral LV whereas the posterolateral area is still delayed.
During triventricular pacing, we observed a faster activation of the whole
left ventricle with a substantial decrease in dyssynchrony
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conventional CRT [32, 36]. In 14 heart failure patients with
a basal QRS duration ≥150 ms, Pappone et al. found that
dual-LV pacing increased dP/dtmax significantly more than
posterior base and lateral wall pacing alone [37]. Converse-
ly, Padeletti et al. did not find additional value with dual-LV
pacing when the single LV pacing site and atrioventricular
interval were optimal [38]. Peschar et al. did not observe any
benefit in terms of dP/dtmax and stroke work of multiLV
pacing (i.e. LV apex, LV anterior, LV lateral, and LV poste-
rior wall) as compared to LV apex alone in 11 healthy
(without conduction disturbance) dogs [39].
In a retrospective nonrandomized trial, Lenarczyk et al.
have compared 27 patients implanted with 2 LV leads and 1
RV lead (TriV) with 27 patients receiving a biventricular
pacing system. After 3 months of CRT, TriV pacing was
associated with a significant reduction in New York Heart
Association class (by 1.4 vs. 1.0 class, respectively), in-
crease in VO2 max (2.9 vs. 1.1 mL/kg/min) and 6-min walk
distance (98.7 vs. 51.6 m) compared with conventional
biventricular pacing [40].
TRIP-HF was the only prospective, randomized study
comparing the effects of triple-site (TriV) versus dual site
biventricular stimulation (BiV) [30]. Forty patients with
moderate-to-severe heart failure in permanent atrial fibrilla-
tionwere enrolled and 34 of themwere successfully implanted
with one RV lead and two LV leads. After a run-in period of
3 months of biventricular pacing, the patients were randomly
assigned to either 3 months of TriV followed by 3 months of
BiV or the other way round (cross over). At 3 months, the
distance covered during a 6-min test and the quality of life
scores were not different between the two groups. However,
triventricular pacing conferred a significant improvement in
LVEF and LVESVover biventricular pacing.
The ongoing V3 Trial is specifically design to answer the
question of whether the addition of a second LV lead may
improve the outcome of nonresponders [41]. A total of 84
traditional CRT nonresponders will be enrolled in 11 different
medical centers. Half of the patients will be randomly
assigned to receive an additional LV lead, the other half will
keep the pacing system unchanged (control). The Packer’s
classification will be used to compare the two groups (BiV
versus TriV) at 12 months as a primary endpoint. Secondary
end points will include change of quality of life, exercise
capacity, number of hospitalizations or death, echocardio-
graphic indices of LV remodeling and blood levels of N-
terminal pro-B natriuretic peptide.
Conclusion
CRT is an established treatment for patients with moderate-
to-severe HF and a wide QRS complex. However, the
amount of reverse remodeling and clinical improvement is
highly variable and poorly predictable. Optimal pacing posi-
tion is highly variable among patient but the site of pacing is
often imposed by the coronary sinus anatomical constraints.
Alternative pacing sites, such as endocardial LV pacing or
multisite pacing, have been proposed to improve CRT re-
sponse rates and may be considered in nonresponders to
standard resynchronization. However, further larger random-
ized and long-term studies are needed to confirm the potential
benefits and the safety of these new pacing strategies.
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